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CHAPTER XXXV 


INTRODUCTION TO TIIK OITICAL sniDY OF CUYSTAU'< TMK NATUUR OP 
LIGHT AND THK IIKAHING OF KK<'K\T DISCOVKKIKS UI‘ON IT X-RAVS 
— RADIO-ACTIVITY' STRUCTURK OF ATOMS ISOTOPES MOSKLKY's EX- 
PLANATION OF PERIODIC LAW 

The optical part of a crvf'tallojfraphir iioostigation has in the past 
unfortunately been very frequoiitly onutU'd, partly becauso of the ex- 
perimental difficulties in the way of a stinly of tin* optics of so small 
an object as a crystal, r.spccially if it be one of a chemically prepared 
substance, and partly bec'aiisc of the necessary kiiowlodRe of the optical 
properties of crystals having been more difficult to acijuiio than skill in 
the use of the gonioinet(u. Very numerous measurements of crystals 
have been published without any ndenmec whatever to their optical 
properties, and still more in which the reference is a very hried, cursory, 
and altogether inadequate one. Now tin* ojitical characlors of crystahi 
are of vital importance, for a knowledge of them is fn'quently esBcntial 
in order that we may be able to dei ide definitely as to which particular 
system or class of symmetry is present , in many conqilicated cases more or 
less doubt is left by the gomometrical inv<‘stigation, wliich the determina- 
tion of the optical properties of the crystals is abl(‘ to remove entirely. 
Moreover, the behaviour of light in its j»a.ssage through a crystal affords 
a valuable indication of the nature <d tlie inl<TmiI structure, that is, of 
the particular point-system, not merely the space- lattice, m aciordance 
with which the crystal edifite i.s erected. Furtlier, the ojitical properties 
are often so eminently characteristic, in their^ d<*tails, of a specific 
crystalline substance, that they may be trust worthily relied upon and 
conveniently employed for the identifiimtion of the substance ; and often 
this happens in cases where goniometrical inviistigation would lie very 
tifublesome, on accountfof the unsuitability of the crystals for use on 
the goi^meter, by reason of their imperfect faces, the presence of 
striation; readf decomposition, or weathering, or other form of exteiior 
deterioration.. In such cases the optical mvi^stigation, being more or 
Jea# independent of the nature of the cxt<*rior faces, is simply invaluable. 
Ih fine, a discussion of t||p optical characters, and a table of tjic optical 
constants, are essential parts of any complete description of the cryitaU 
t suhsianoe. • 

The operations comprised in the practical investigation of the 
749 



750 


GRYfiTALLOGRAPHY 


FART ill 


0 |)tical properties of a crystalline substance are in general three in number, 
and are as follows : 

(1) We have to determine the positions of the three principal (mutually 
rectangular) axes of the optical ellipsoid ; that is, the orientation of that 
imaginary ellipoid within the crystal which we have seen in Chapter 
XXXI. is the expression of the optical properties (just as a similar, but not 
necessarily itlentical, eIlij)soid is capable of expressing the distribution 
of the ])roperty of cohesion), and the orientation and character of which 
depend lK)th on the nature of the space-lattice of the homogeneous 
molecular structure, and on the specific nature of the particular 
substance itself. This determination is carried out by studying the 
behaviour of the crystal in }>arallel polari.sed light, and especially by 
ascertaining its extinction directions in the dark field of the polariscope. 

(2) We have to ascertain the relative lengths of the three rectangular 
axes of the optical ellipsoiil, and to do so we determine the refractive 
index of the crystals, that is, their power of bending the rays of light, 
along each of the three axial direc'tions which we have ascertained as the 
result of (1). 

(3) We independently confirm the results of (1) and (2), as wtU as 

am})lify the information, by studying the optical interference phenomena 
disjilayed by the crystals in convergent polarised light, and, in the event 
of the crystal proving to possess two optic axes by exhibiting a biaxial 
interference figure of spectrum-coloured lemnisrat(‘s and dark hyperbolic 
“ brushes,” measuring the angle of se]>aration of the so-called “optic 
axes ” marked by the vertices of the two l)rush<“s. The optic axes are (piite 
distinct from the axes of the optical ellipsoi<l, but dependent on the 
relative lengths of those axes, and have been preliminarily explained in 
Chapter XXXI. in eomu'ction with the iiroperties of the space-lattices. 
When the crystal only po.s.sesses a single optie axis, the circular con- 
centric, eharaetiT of the rings of tlie interference figure, and an unalter- 
able rectangular dark cros.s radiating from the centre and which never 
separates into hy}K'rl>ohe, at onee reveals the fact. Incidentally oj^ration 
(3) affords us (piite a numl)er of jdienomena in which the crystalline 
substance can display its individuality. Moreover, when a uniaxial inter- 
ference figure is exhibited the crystal must bidong to the tetragonal, 
hexagonal, or trigonal |ystem ; and when a biaxial figure is afforded the 
crystal must be of rhombic, monoclinic, or triclinic symmetry. These 
facts alone would enable us to decide, on the true crystal system, in a 
case such as that of our typical crystal of potassium sulphate, which 
while really rhombic is of |Kseudo-hexagonal h%bit, and indeed withima 
few minutes of truly hexagonal morphology. The fact that j^tassium 
sulphate aff(.)rds a biaxial interference figure is a decisive proof of 
rhombic symmetry, and would be .so, even if adequately cood crystals 
(or accurate measurement and determination of the slight deviation fi»m 
60® had n^vor been obtitined. ^ 

In order to render the meaning of these three operations fully Intel- 
Wjfible and clear, and to understand thoroughly the behaviour of crystals 
Awards fight rays, it will be advisable to review briefly the fundamentaT 
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facte, first aa to the nature of the agent, light, tliat we are employing, 
a subject which recent research bus rendertnl of especial intert'si at the 
present time, and secondly, in the next few chapters, of crystal optics. 
Optical crystallography often looks so appallingly difliciilt to a beginner, 
that it has Iwen felt desirable by the author to state thus at onee, \t\ 
these introductory pages, that the experimental work is really of a very 
simple character, essentially ranging around the three ojR*rations above 
specified. Jsot only is fins dejiartiuent of the crvsta!lograj)her'8 work 
straightforward and easy, ]>rovided he thonnighly niidejstatids what lui 
is doing and that the proper instruments are available, but it is also 
fascinatingly interesting. K«»r the phenomena f»f ]>olariscd light are 
admittetlly tin' most beautiful \Nhi('li exjieri mental sen nee has yet afforded 
us, and the interference plienomena i‘xhibited by crystals, and referri'il 
to above as recpiiring to l»e studoMl, are annmg the most superb of all 
those which even ]a)lari.sed light can j>ro\ide. 

Consequently, the opliml jiart of a crystallographic investigation is 
of surpassing interest, and if at times the phenomena prove eomplirat<‘d 
and require most careful study, the n'Milts are not only tlieniKelves 
rendered the more valualde thereby, but. tin* exjierjiueutal nunins of 
arriving at them are jiitnii'^ically so bcuntiful as far more than to 
compensate for ail the trouble involved. 

Till' Nati hk <»r bnoir. 

It IS now Hii i-Htiiblished fie t tliiit lijilit, iiMOii tlie 1i>nn hi its obji'ctive aenw', 
coiwistH of »i vihrutorv motiorn t»i uHiiHatujx cliaiiL'e of (tunlilion, in im cvoiywhc're 
porva<ling inednini, tlu> etlicr, the Mlniilntiis nr d^t illatKinH Iwmg of sui li a delinilely 
periodic ehsra<l<'r, transversely to tin* line of iitoim^tioii, as to proilueo waves or 
undulAtioici the inipact of v^hith mi ihe im iuIi.hIv siiiMiue luyer of the n'fiiwi. of the 
eye gives rise, tm transmission hy the opti. nerve to the huvni, 0* the MaiHatimi which 
we term, siihjoi'tlvcly. hght. The motimi has las-n ndvisedlv Ktiiti^d to he "in ' the 
medium rather then "of ' the mednim. f<.» flieie li-ne until recently Imsh two forms 
of the undulatory theory, iiurte ii\< ..f the <.1.1 . iiHSHimi theory favoured by 

Newton, which was detinitely ]>rovisl t<i U' inimru I hy Kmieauit, who found exjMU’j- 
mentally that the vehsit^ of light in vvat< r is l. ss than it is in air, wliereas iiccorrliiig 
to the theory bamsl U]Mm the einisNioii .,f Ill'll! for^ius' h’s ’ it should travel more 
rapidly in water than in air. 

According to one, now ahandoneil, fmm of the umlulatory theory, the waves of 
light are actual transverse vibrations of the eilu real inedniti itwdf, while aoeording to 
th* other and more nnicnt and generally rH eepted form the vibrations are due to a 
rapid periodic cliange in the electriial and inagiietie «<.nditi<»n of tlur etlu'r. Both 
forma of the wave theory postulate a transverM- vibration oi om illation in the medium ; 
tha|roillydifl 6 ra»regardsthei*innerof itHpnnluetioii The later form isdistinguislied 
aa the alac^magnetic theory of light, and is n<iw mciving further eonfirmation every 
day. Ttu^oohaiical form of the wave thfs.iy dcriiamis the jirojiagatron of longi- 
tudinal waves aa well as transvenw ones, ami (he exisU-neo of sueh longitudinal waves 
in nm of light fiaa not been proved. The electromagnetic theory of light does not 
laadMiO the auppomtion of any hut transvr riH? vihration*-, and fron' many other eoii> 
idderationa, derived from th<Wdevelo|mients of tlie r<-inarkahle disrov^es of the 
eathode and X-ray» and nf radium and rarJio-aetive substanees, an aeeount of wlikh 
fPlte given later in thia chapter, it is mueh inon; likely to repn^M-nt tlie truth. ^ 

Tha XadhUB, StlMr.—All the forms of energy with which wo arc acquainted 
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require media for their propagation. Thue sound requires a material aubetance, 
gaseous, liquid, or solid, for the propagation of its longitudinal vibrations, which are 
incomparably grosser than those of Ught. It is, in fact, this all but infinitely greater 
length of sound-waves which renders them apparently so much more capable of 
bending round an interposing object than the waves of Ught, although we now know, 
from the exquisite phenomena of diffraction spectra, that Ught- waves are equaUy able, 
considering their minute size, to bend round an edge of adequate sharpness. Sound, 
however, cannot be transmitted through a vacuum, while Ught travels not only 
unimpeded through empty space with enormous velocity, 186,400 miles per second 
—compared witli which the 1 100 feet per second of sound in air is an almost nogUgible 
quantity,— but with even greater velocity through space than through air or any 
other gaseous medium. The presence of matter does, indeed, exert more or less 
restraint on the vibrations of Ught, its velocity being more considerably reduced by 
its passage through transparent liquids and solids than through gases ; yet even in 
the cases of highest resistance the velocity of Ught is immensely greater than that of 
sound. Ample proof of this reduction in velocity is afforded by the phenomena of 
refraction, or the bonding of the rays of light by transparent material media, with 
which we shall have so much to do in studying the optical properties of crystals. 
This iMmding of the rays of light when they enter a transparent material substance 
from a vacuum, or when they pass from a lighter to a denser transparent medium, for 
instance, from oil into a diamond crystal, is one of the most characteristic properties 
of Ught vibrations, and is intimately connected with, and indeed a function of, the 
reduction in velocity. 

The com option of an ether is not at first easy to grasj). It is difficult to conceive 
anything othi'r than material substancc.M, that is to say, the chemical elements, their 
compounds, and mechanical mixtures of either or both. It also requires the scientific 
use of the imagination to picture an everywhere existing medium which interpenetrates 
all material substanoi's, besides ftlUng intonstollar space. Yet recent advances have 
rendered the conception far less difficult than it formerly was. \^'e have seen that 
there are certainly inter molecular and probably interatomic spaces in the crystal 
odifh'e, and for that reason wo do not sjioak of the structural ratios referred to in Chapter 
XXXI., the dimensions of the unit coll of the space-lattice, as the relative dimenaionB 
of the molecules, but as molecular distance ratios ; for although they do represent the 
dimensions of the molec ular or polymolecular cell or elementary paraUolepipedon of 
the space- lattice of the crystal structure, that is, of the bricks of which the edifice 
is built up, yet we do not know how much of tliat space is occupied by matter and how 
much is free 8])ace. Morc'ovor, wo now know further, from the researches of Sir 
William Crookes, Sir J. d. Thomson, Sir K. Kutherford, and a rapidly growing band 
of other workers in the field which tliey have so wonderfully opened up, that the 
ohomical atom itself is not entirely composed of matter, but of a positively electrified 
nuolous surrounded by if number of eh‘ctronic negatively electrified corpuscles or 
“ electrons” of nogali\e electricity separated by free space ; so that it is now quite 
easy to oomprohoud tliat what apjioars to bo imjienotrably solid matter is in reality 
aa 3 rthmg but iuqiorvioiis and solid in the old sense of the word. It is far more difilctilt 
to believe in the possibility of ivotion ai a distance wi^out any intervening medi; 7 m, 
in the oases of light, magnetism, and gravitation, than to concede the existence of 
a medium, for which, moreoxer, the evidence every day becomeg stroi^lhr. llieie 
can be little doubt that t ho intlueiice of the sun on this earth, as on the other planets 
of the solar sptem, in constantly maintaining and reinforcing its energy, is due to 
the conveying power of the ethereal medium. ‘ 

Of the properties of the ether wo are not yet justified in stating anything. The 
promulgators of the earlier form of the uudulatory theory assumed the ether to 
possess both elasticitx and density, but the possibility of lonigitudinal yibfatioan>iii a 
^medium so endowed, and their non-discovery experimentally, has rendered the wfp 
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potiition more thiui doubtful. The difficulty hM been met by imikginind (ho other 
incomproeeihlo, which would bo euhenco the velocity of the lonfritudin«J waN-e as to 
render it infinite. Moroovor, it has been poinj^ out that all that tlie ether requires 
is torsional rigidity, or resistance to (diange of shape, the characteristic projicrty of a 
jelly, to enable it to transmit transverse vibrations. Again, tlie eclcbrat<*d theory of 
vortices in the other, aHso<'iate<l with the name of l^uxi Kelvin, w-as also introdiu'od 
in order to explain how the ethereal 4luid couhl lie a4h»«^uately stitTeni'd to act as an 
elastic vibratory fluid, capable either of mechanicltl or eltv't no stress. 

The dirticulties surrounding this view of the ether art' very numerous, however, 
and recent advances in electricity. (v<isHially the exiH'riinental discovery of eh'ctro- 
magnetic waves by Hertz, and the wontlerful tlevelopnient of their practical ajqilica- 
lions by Marconi, Ivnlge, Duthloll, and others into wircle.ss tehgraphy atul tehqihony, 
have constrained us to turn to the tdettnimagiielic form of the undulatory thetiry, 
for a truer exjilanatum of the Ix'iiutifui btnn «*f tuiergy whieh we term light, and as 
far more proiiiisiug lo elm idate liiially th«* m\>t4'ry of the ether. 

The Electromagnetic Theory of Light A ra^mlly alternating condition of electric 
I>olari»ation of the etiu'r forms the fundamental assnmptum of this tlu*orv. The ether 
surrounding a l>»Mly wlin li sutb-rs rapid alternate <‘lec|ricul eliarging and discharging, 
or along whi< li a ra]mll\ alternating ele»tnc lurn'iit is ]>asw*d, will naturally be 
]K)lariaed in two o}){>oKite huim's with <orresp<»inlmg ra)»idity; and provided this 
change of stale Iw n'gularly ]s‘nodir, and o< curs within the limits of rapidity corre- 
sponding to tin* fo'ipicney of om illatirni of extreme n*<l and violet, light, the vihialioiis 
of the ether whieh an* ]tnMlu«ed will 1 m> thow* which an* is'iceived hy our eyes as 
light. If thci nijtiditv Is- less than that rr‘ijuirc*d fc»r red light, the vihrations will bo 
perceived as thoM* of radiant lieat.and if s<tmewhat mon* extri'iiie than eorresjioiids 
to violet light, the radiaticciis will Is* thccmc wliic h an* so e\tn*mc‘ly ac tive in prodm ing 
chciiiical aclivitN, and which we clnc^ininiiHh hy the* tc*rm ultra moIcI rays; while if 
the rnjiidity Is* \ers'cNtn*iiic* (he i.ohation*' will be those whic h we have* ic'c eiitly ccemo 
to know as X ravs. 

The attractions and repulsions c-xc-itecl lespc-c tivelx Is t wc-c ii oppc)sltc•l^ and similarly 
electnli(*d Iscclies, Is'twc’eri (lie* op]M)sii4« nml hiinilar ]m»1c's of niagnc*ts, and Is-tweeii 
oppositely and similarly arranged c>h*eln< c in iijfs, < an c»nly be* salisfac tctnly accountc'd 
for by assuming the' jm sence* of a mc clnnn whi< h c oinevs the* eiic'igy ac rctss the* inter- 
vening 8]jace. It is c*cjually iiieone eix aide that the* genc*ia(ioii of an c-lec tiie c urrent 
in one circuit, by the starting or stc.ppagc* of a c uirc*nt in a neighhcmnng circ'iiit, c an 
l>e merely action at a distance, witJiout the* intervention c»f a carrying inc'dinni. It is 
probable that when a cemducting bodv is e lec tidiecl. or an eh*< tin* c mn nt is geiH*raled 
in a circuit, energy is stored in (he etliei Miriouncling the* concluc lor. 'I'hisc'tiergy is 
uaed up in altering the state of the mediiiin, whnh ma\ the n Is* sanl to 1m* " ^xilar- 
i»od” ; and when discharge oc'curs the medium is restore^ tc» its ongiiiHl c'ondition. 
Thin ia the oeeence of the theory of cleetric ity ami magnclism wlm h is aswM iatecl w ith 
the name of Clerk-Maxwell, and his xiew that <*leelncal ])hcnomena an* the niani- 
featation of the energy thus stoivd in (he c'thc r ahout a cc»ndu< tor is one* whic h has as 
completely replaced the old fluid theory of elc*clricity, as the unclnlatory theory of 
Uglft has replaced the emission ftie<iry. Its Is aring on the w a\ e t Ikmua c)f light is of the 
first importance, and an aderpiately < c)ni]»rehc*iiHiv«* idea cd that thc-ory has only lK*eti 
rendered possible tfy the remarkable practical dexclcqirnents aln-ady allncled to, of the 
nae of elecfromagijetic ethereal waves, who h have resultc*d in tc*Iegra])hy t hroiigh sjiaee. 

The polarisation of the ether oeeiirs in one of two ways, one eorrc-siMinding to a 
poatuve charge of electricity and another to a negative c harge. We know' prar lic ally 
nothing at present as to the nlture of this ]M»larisation, the term lM*mg ifflf*rely used 
to indioate a changcsl condition. Presston has suggested that positive* and negative 
Iglaimtioo may be related like right- and left-handed wrews or rotations, and wc* now* 
,klkOV titatdWCh rotations or orbital motions rlo occur on the ])art of (he electrically ' 
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charged corpuwloB or electrons of which the elementary atoms are comiK)8ed. But 
it is anyhow easy to see that if the ether surrounding a conductor can be polarised in 
alternate succession in the two op^wsite ways with adequate rapidity, a periodic 
disturbance or vibration will lx* pro<luced, capable of generating waves of energy and 
propagating them throughout the ether of the surrounding space ; just such waves, 
in fact, as we are led to consider the waves of light must be. The only conditions 
of this vibration of which we are yet certain are, that it is strictly ])oriodic, and that 
it occurs transverstdy to the direction of propagation. In all probability the only 
other condition necessary, in order that the vibration shall give ri.se to thosi' waves 
which affect our nerves of sight, is that it shall l)o siifficiontly rajiid, that is, that the 
alternation of the two oiqiosite electric charges shall occur within the already sfiecified 
limits of froquimey, corres|Mmding to red and violet light re8])ectivoly. 

Experimental Production of Electromagnetic Waves “-An investigation of the 
H])ark discharge of an electric <-ondenser, such as a licydeii jar, has revealed the fact, 
siirmlHi^d on theoretical grounds by ls>rd Kelvin so long ago a.s IH.*).'!, that the dis- 
charge is not l ontinuous, but osi illatory. The first discharge, os it acre, overreaches 
itself, and is followed by a ris-oil, the jirocess Isung then rcjicated to and fro until 
equilibrium is attaineil. Feddersen proved the fact exjieninontally by means of a 
revolving mirror, which was caiisrsl to letlect an image of the spark into a telescope. 
Under suitable conditions of resistance in the circuit the image was obst'rved to be 
split up into a series of bands, corresjionding to He]inrate ia])idly succeeding discharges. 
From calculations of the time of oscillation of the discharge from a U'yden jar of 
ordinary si/.e, it has bei'U shown that such oscillatory di.scliarges ])roduco electro- 
magnetic wave.s, varying from fifty to a hundred metres long. As th(‘ size of the jar is 
reduced, the wave-length corre.s]>ondingly iliniinislu's ; and if we imagine the process 
continued until we arrive at a hvqKithetioal condenser of the diminutive size of a 
cluunical atom, wc' may e\|H>ct to have waves produced corresponding in length to the 
extremely niinuti' ones of light. From this it is not iinrea.sonably deduced that the 
oscillating discharge of tlu' ])olaris<'d id her about the atoms or molecules (due ])rimarily, 
as we shall si'e later, to the electritied coquisclcs of which they are composed) of 
incandescent substances, is tin* actual cause of the generation of the waves of light. 

'I’lie e\|K'rirnents of Ihrt/, in detecting and investigating the longer electro- 
magnetic waves, art' of incalculable imiiortance not only to electricity but also to light, 
as they go far to prove the truth of the electromagnetic form of the undulatory theory 
of light, 'I'his form of the theory is now, in fai t, the only theory of light which has 
stood the test of recent work ; it was originally put forward from the optical point of 
view by .Mai'Cullagh, and subsetpiently from the electncal point of view, as already 
mentioned, quite inde]H‘ndently by Clerk-.Maxwell. Larmor has since contributed 
very considerably towards linally establishing the electromagnetic theory, for he has 
interpreted .MacUuHagh’s ix'sults in the light of recent work, and has shown how, 
starting from the o]»tical®point of mcw% we inevitably get back to the electrical, and 
has thus cum]iletely bridged over the ga]> lad ween MacCullagh and Ulerk-MaxwelL 
When a sjiark discharge is caused tv) ])a.ss botw'cen two conducting knobs, attached 
in each ease by a wire to an elect iifieil brass plate, ono being ^lositively and the other 
negatively ele<dnlied by Ining atta«’hed to the lerminAs of an induction coil, and vhen 
another circuit, consisting of a single hnoji of wire supplied with knobs at the two 
nearly approaching ends, is brought near, it is observed that, wh^n the length of the 
wire in the hoop has been pnqierly adjusted, an induced alternating current is set up, 
and eventually s])arks pass lad ween the knobs at the ends of the hoop. Moreover, 
experiments can actually Ik' carrierl out on the reflection, refraction, and interfwnce 
of the eloCvromagnetie waves produced between the t^o circuits ; a sheet of zinc acta 
as an e.xccllent n'flec ding screen, a parabolic sheet best of all ; and a prism of pitch 
•acts towards these elect romagnetie waves os a glass prism acts towards light 
. Indeed Hertz actually measured the refractive index of pitch for the waves produ^ 
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by hi» *pp«ratu». More convenient uid eUbomte forms of electric wave-producing and 
^J^ceiving apparatus have 8ubae<|uently been devised by Herti huuHelf, Chant, Kighi, 
and otherti, among which may be inentiomHl the magnetic detector of Kutherford 
and the iron tilings coherer of Hranicv, the Utter of which has proved so invaluable 
in the hands of Man'oni and others in wireless telegraphy. Moreover, a new projH'rty 
of crj’staU has also lK<<‘n disctiveit'd, that of acting as a " crystal detector ” for electro- 
magnetic waves. For many ciystals, in cimtact with a spring or }date of metal, 
or with another crystalline substance, an> found to ^k)ss«'ss the power of " nt*ctifying ’* 
or converting an alternating elwtne eurriMit into a direct one, and thus acting instead 
of a coherer: and they do so with the advantage that no ta])])ing arrangement 
(trembler) is rtHpiired (a device for disturbing the tilings again tmt of their rt*gular 
position in whuh the el<i'tn)magnetic wave had set them and so n*ndenng them again 
r(M*optive), the ( rystal Uong always ready for further dinvt transmission of currt'nl. 
('arlx)rundiim (silicoti carbide) SiC (page (IHH), and chalcu])ynte (copjKT ]>ynte«) 
CuFcSj (pages 2(H> ami tlhS), are partn-ularh ellirai'ious as ehn'ti-omagnetie detis.’tors, 
the funnel esjKTially for weak currents. Several b*rms of ap]iaratUB have been brought 
to gn^at js'rfection for generating ele< tri.msgnelic wa\<*s of vastly increawul jKiwer, 
so that tliew* wavi's are now at the scivne of mankind, nn'ssages by their means 
s|K'eding thouHaiulfi of milc'» a< ross the oceans through the ether of spax'e and of 
eourse with still greater faulitv within a smaller noiius, Mich as that of the Hritish 
Isles and their stirruimding svmvs. or lM>tvveen a ship on the Ingh s('a.H and a distant 
coast, between hhip and ship whether in or out of sight of eaih other, lad. ween an 
airslii]! or aero])lane and the earth, or ls*t ween two aircraft far a]iart on the wing 
and U'lng (let<*cU-d with eiTtainty by the delicate feeling and receiv ing a]»]»aratus at 
their intended de,stinatif»n. The fact that they an* now so thoroughly at command, 
and that tlu'v an* <'H*^*iitiaIlv of the same nalim* as ihow* of light, is the ^HUiit which 
it IS hen* di'sired to emidiasiM* .Moreover, to this ai i omplishment of " Windess Tele- 
graphy ' must now U* added ' Win less Telephony. ’ For the nn'ssage can now U* 
spoken vei bully mUi a tele]di<uii<- transmitter, and Is* n'ceived also orally by a 
eorresjiumling telephone rereiver, deliviing the message ilireetly intt) tin* ear of 
the nH‘i]»ient, .Moieover, a ]s*imanent re<‘<ir<l uin also be obtium'd, the ti'le])hone 
message being automatically printed in plain letters on a }»a|K*r tii)K* apjiaralus, if it 
be so desiivd. 

In all these develupnients the irvstal detector is still very mucli used, and for 
certain purposes this leinarkable projicity of vr}HtHls, of transmitting a current in one 
direction only —which has never ut been satisfactorily ex])lHim*<l — will doubtless 
continue to be utiluw'd. Hut in turn tlu* < rystal detector is giving jdaee, for most 
purjsiaes, to the most reinarkalile (lct4 <t*ir of all. the thermionic valve. Ksseiitially 
this IS an exhausteil glass bulb ur < v liinh r, a cross U-tween an <*lecltic glow lamp and 
a CJewsler vacuum tuln-. An electric ghivv lamp with carbon tilament, such as was 
user! before the coming <d the metallic tilament, has lung Ik-cii known tu shout off 
negative electrons when render<*d im andesccrit by a direct < urrent, and Kdison 
showed that if a metal plate U* also m'aled into the bulb and <oniiec’li*d bi the 
positive terminal of the tilament a small i urrent,~the thermionic eurrent - passeii. 
NiAuch current was generated, however, if the plate were < onnect/wl to the negative 
tenninal. Fleming in 1904 tirst used ibis principle as a detector. The meandeseent 
filament, of pUtiiram, was surrounde4l by a cold rnelal (eo]>per f»r nickel) cylinder. 
In such a case, a| the iKitcntial <d the cylinder increases with n'sjject to the tilament, 
the thermionic current increases, and linnlly IsTomes constant whi-n all the electrons 
emitled from the hot wire impinge on the |»ositively thargf*<l cylinder ; the exhaustion 
of the bulb requires to be v’crtTbigb. The < urrent passes from cylinder^! tilament, 
as nejgative electricity is carried by the travelling electrons from tilament to < ylirider 
ll^d Muiralisca some of the i>ositivo eliarge on the latter. Thus the valve ” a^'ts as $ 
reotifier, i^^wing^ current to jiass in one direction <*nly. Moreover, it is found to* 
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rectify high-froquoncy (alternating) currents as well as direct currents. Fleming’s 
filament was heated by a battery ; the aerial antenna and its transformer, condenser, 
and telephone (together forming the aerial receiving ap})aratus) were connected to the 
cylinder, and when electromagnetic wave-signals were received they upset the balance 
of the valve and current passed through the telephone, little pulses of electricity 
succeedmg each other all in the same direction, due to the positive charges on the 
condenser, for the alternating negative charges of the condenser are without effect. 
In 1908 De F<irrest discovered that it was a great advantage to introduce a third 
electrode, of the nature of a grid, or i)erforated plate, Iwtwcen the filament and the 
cylinder; and this m»w universal form is known as the“triode valve,” in contra- 
distinction to the earlier two-electrode form. It is with this new form that the 
recent marvellous advaiu'cs have Ixsen made. The grid is brought os near to the 
plate as ^lossible without contact. If the grid bo made positive with res])eot to 
the filament (now usually of tungsten) the velocity of the electrons coming from the 
filament is greatly increased, but if it be made negative they are retarded, and thus 
the current in the valve is controlled. In actual practice the electric oscillations 
from the aerial source are made to alter the ]»otential of the grid, and so the plate or 
cylinder current is also altered, and this luodiices a current in the telephone, which 
is placed in the jilate circuit. 

The triode valve is not merely a rectifier and detector, but also a remarkable 
amplifier of small effects (low sounds or feeble wirele.ss signals), and can also bo used 
as a transmitter or generator of electromagnetic wave.s For by studying the 
“ characteristic l urve” of a valve the conditions can readily be attained under which 
a minute cliange in the gnd potential tan be made tt» induce a relatively immenge 
chan|5^ in the plate circuit. Uy using a senes (ctutcadc) of valves very remarkable 
amplification can bt» oiitaine.l. Moreover, ('apt. Uouml has effected “tuning” by 
arranging that “ heats” of musical value (about oOO per .second) .shall occur between 
the electromagnetic wavi's reccivt'd and hically produced ones of the right different 
frequency to afford such beats, the musical note required being heard in the tele- 
phone. An t'fficicni \alve arrangement as generator is tliat due to VV. C. White. A 
higli anode potential requires to be used in the triode valve employed as generator, 
the fiOO-watt valve having a filament ]>otential of IH volts with (5 ainjii^res, and the 
|)otentlal of the anode may rise to 7(K)0 volts ; m the ordinary triode valve u.sod as 
amplifier ami detector the filament is only at o volts, with a omront of ()‘75 ampdro, 
and the anode is at not more than 30 volts. 

Length, Distance of Propagation, and Velocity of Electromagnetic Waves.— The 
cylindrical oscillator employed by Chant produced waves eighty centimetre.s long, 
and with the spherical oscillator having ten-centimetre .spheres he obtained electro- 
magnetic waves 38-5 centimetres long. Higlii, however, obtained waves of only 7-6 
centimetres wave -length,|^ and l/'bedew obtained waves shorter than a centimetre, 
by using cylinders only four milhrnetre.s in length, while Boi'yer has actually obtained 
waves only 2 millinu'trt>8 long. The wave-length is determined by observations of 
the positions of stationary nodes, where din'ct and n*fieeted waves interfere, a detector 
being moved along lietwecn the osodlator and a reflecting surface, until the needle 
of the galvanometer in the iletector circuit ceases to Aidioato movement. The vAve- 
length is twice the distam'o lM>tween two niale-s. From surli determinations and a 
knowledge of the fivqueney of the oscillations, the velocity of tl^sci electromagnetic 
waves can bo calculateil, and it apiiears to bo identical witli thq velocity of light, 
185,400 miles per s<'cond. ^ 

Poluisatlou of Electromagnetic Waves — It can be provevl with an oscillator and 
detector oT any of these later forms of apparatu.s, moullt^ in parabolic reflectors, that 
^tho electromagnetic waves are])lane-]»olarised, and that the vibrations are transverse 
to tho line of pmjmeotion. The }tar»l)oliv zinc srretm reOecta the wares, generated 
the oscillator in t/w focal line of the screen, as a jMrallel beam towards the receiving 
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scmiu, which in lum n>H«»cU thorn to it« fiK'nl line whoro the tlctodiuK iw 

Aiiuatcd, prccwcly in the »amo maunor ah waxes huht W(*ul(l Ut n'tlw'UHl fn>ni a iwiir 
of |)araboiic inirrors. The electric force ih naturally ^karallel to the axis t>f the ow iUator, 
and th« niagnetic hnea of force Ijeiiip einlcH concentric to it, the (U^H•tionK of the 
two forces lie jK‘riK‘ndicular to ea<'h other m the wave front. That the owillator acts 
AM a iKilarisiT in priHlucing detinitely orlentatrsl vihratioiiH will, then^fote, he clearly 
evident, and the deh^dor acts aiinilarly uk an analxw'r, for it only it'n'iHimlH to tin* 
eleclromajrnetic wnvea when the axis of its jiarahohc reflector is parallel t<* that of 
the ojwilliitor. If either n»tated untd it** focal hue ih ^M-riMMidicular to that of the 
other, Hyinpathetie aparkini' ctyiH<‘K, exactly as, when UHin^ a pair of Nicol priMma 
to demonstrate the jirojK-rlieu of }Mdari»iMl linht, tlic dark field ih prmluced when the 
]K)lanHinK ami analysing Niciils an- crossed. 

Mort'over, one further highly inten’.sling and signilicant cx)K*rinient may he 
p<‘rfornu'd with electromagnetic waxes, whnli md only einphasiws the undoubted 
<K*curnMH*e of polansalniii, hut most strikingly hnngs the iK-haxiour of iheae waxes 
into line with thos<> of light, and lonqdefes the argument foi their similarity, If a 
KcnH'ii of ])arallel wm*s Is* jiIiktiI so us to intercept the )K»lanw*d electnunagin’tic waxes 
priK ceding fnun llie xihrator to the sxmhiomsmg ivceixer. it is observed llial when 
the win*s an* ]tanillel tt* tin* om illutor and to the focal lines of the ]i«ral)oli(' n*lU*ctors 
the win* .‘4('n*(*n proves opiit|in* to tin* waxes, Is'cnuse it letleils tln-ni ; hut when the 
Wires an* ]K*iiK*inln iilai to this diicition the sin-en loinposi’il of them )iroveH truns- 
])an*nt to the xxaves. 'I'he former duet tnui foi "i>a« ity is parallel to the el<*ctric foici*, 
an«l tin* latter ihn*ction t oirch|>omling to tianspaiemy is paralh-l to the magnetn' 
force. When, hoxxcxcr, tin* t>siiUatoi ami tlclcititr with their resis'ctixt* wrei-ns are 
arranged iH-qs'iidn ularlx to eath t»ther, so tiiat the detettor is imt intluencisl hy the 
oscillat<)r, and the etpiixalent of tin* daik liehl td tin* Nicols is pnahiced, the intro- 
duction of the win* scns'ii prinluces no elfet t wh<*n the win*s an* puiallel to either the 
one or tie* other ; hut when the wires aie iin lined at 4o to the axes of Imth om illalot 
and ileU'ctor, the xvaxes an* liansmittetl ainl delett<*d. l’'i>r tin* waves an* resolved 
info two com|K)n< nts, xihrating res]H*< fively paialle! and ]M ijM*mlicularly to tin* wiien { 
that comjnmcnt whnh xihrates in tin* former directhui is natuiiilly rellected, while 
the other passes to the reccixer. is there again reK<d\«*d into (wo com]Hiiieii(s jainillel 
and |)eqK*ndn*ular re,sjH‘< tively to tin* axis of the parabolic scn*en, and the fornn-r of 
these will be detected by the ic( river. This lesult is jin-t isely analogous U> tin* optii'al 
one obtained when a plate of a doiililv refract mg crystal, cut ]tarallel to one «»f tlie planes 
of optical Hyniinctry, is introdmcd la*twccn (fossed Nnols, liist so (hat tin* two axes 
of tlic optical <‘llipsohl contained in that jtlane an* rcH]»c( tivdy parallel to the two 
Nicols, when the dark HcM iviiiains uiialfc<n*d, and huhM*»juciitly rotat4*d if/' from 
that i>osition, when light is transmitted, <oloun*d when tin* idate is adinjuaU'ly thin. 

Flaal Concluaiou aa to the Nature of Light. These M ^king exis rimentH, together 
with the fai't that the velocity of elect roiimgnetie waxes is the same as that of light 
waves, namely, 185 , -ttK) miles or kilonietn*s jht second as was jireilicUMl 

by Maxwell would pn>ve to Ijc the caM* and that r'leclrnniagnetic waves of l«*sa 
than a centimetre in length have actually ls*efi e\]s*niiieiitally pioduced, all concur 
in^ndicating that the waves of light and tlurw* of radiant In-at only differ Inmi theiA* 
electromagnetic waves by their very mm h shorte r wax e length. It is, therefore, 
practically prox-e^ that the o»»cillating dwbarge of the js>lari»ed ether about the atoms 
and molecules qf. glowing substances is (he origin of the waxes of light which they 
gix^ forth. In the next section it will la* shown that it is the moving electrified 
oorpuaclea or electrons, of which the chemical atoms an; corniiovd, that are the 
prime authors and originaiAs of these electromagnetic waves of Uglft, when the 
snlytance is heated or otherwise raised to the incandescent state; for the radiations 
idrom the eimplest of atoms, such as those of hydrogen, are not of a single wave-lengtfl, 
but oi eurenJ different weredengtlu correeponduig to the linen in the npeetfutn oi 
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the element. The individual monochromatic rays, however, wo shall see are due to 
the electrons or cycles of electrons building up the atom, so that the tout ensemble of 
all the electronic oscillations gives us the complex radiations of the atom. 


The IJearino of Uki ent Di.scovkries on the fi rther Elucidation op 
Lioht Radiation. 

Beyond the unanimously accepted facts just stated very much more has lately been 
revealed as the result of the remarkable discoveries and investigations of cathode rays, 
Rdntgen rays or X-rays, and of the so-called “ radio-activity ” of the two metals of 
highest atomic weight, uranium and thorium, and of the extraordinary new element 
next to them in order of atomic weight, radium. The terrestrial isolation of the light 
gaseous element helium, and the discovery of other inert gases m the atmosphere, 
neon, argon, krypton, and xenon, ought also to Ih' included. Kor all the.se discoveries 
have a ])rofound liearing on the nature of light and X-rays, on the constitution of 
the chemical atoms, and on the character of the ether itself. 

Electrons or Electronic Corpuscles and X-rays. — We have in reality to go back 
to the discovery of the ({uantitative laws of electnilysis by Karaday, and his ^irescierit 
views in explaining them, for tlu' first inkling of the possibility of the existence of 
bodies smaller than the chemical atoms, lie could only .sati.sfactorily explain the 
definite relation between the electric current and the chimucal woik which it is able 
to iHirform by assuming the electrolyte to contain iiositively and negatively charged 
])article8, the former of which go to the negative pole while the latter are delivered 
at the ]K)8itive pole. The giving up of those electric charges at the tw(» poles he 
conceived to be the caus<» of the production of the electric current. 

After a long interval during which the inve.stigations of Mact’iillagli, (’lerk- 
Maxwell, Lord Kelvin, Kit/.gerald, and Johnstone Stonev had Is'cn censolidating the 
groundwork of the elcctromagneth; theory of light as gi\en in the foregoing pages 
and 08 we now accept it, and the last -mentioned inv<*stigator had invented the term 
“electron" to signify the unit electnc charge -the bi'autiful work of Sir William 

Oookes on the ])aH.sage of the electnc 
• urrent through high vacua was in- 
augurated. One of the many results 
of this most fiiiitfiil investigation was 
to <>8tal>hsh the fact, which was later 
more fully confirmed by Sir J. J. 
Thom.son. that the rays ]»a8sing from 
the «-atho(le or negative terminal— 
generally a platinum wire fused 
through one end of the vacuum tube 
or bulb and terminating in a plate of 
aluminium at nght angles to the wire 
- to the anode or positive terminal at 
the othej end of the tube or elongated 
globe now currently known as a Crooffbs 
StK)), when the 
high one (the 
gas being less 

than a thousandth of a milhinetro of mercury), consisted of particles smaller t^an 
atoms and carrjdng along with them the negative charge of electricity. Johnstone 
Stoney’s teiHi “electron ” is now currently applied to them, and it must be clearly 
understood that by this term (alone and unqualifieii) the negatively electrically 
cfiarged jiarticlo is meant. Indetnl, the cumulative effect of recent invostigations ha%, 
been to cause these electrons to be almost universally considered as actuall^..particle8 


Kill. ftlK), — rrcHikes TuIh\ showina Shadow nl 
.thnniniuni ('ross iuteriHised In Kathode Knys. 


tube (illustrated in Fig. 
vac'uum was a vei^ 
]>n'a8uro of the residufl 
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of negative electricity, although at fimt they wiw rt'^anUnl aa negatively clci'trilicfl 
luaterial parliclea and called cori»u»cleti. They art' jiriMhicnl by the diMniption of the 
chemical atoms of the tt'sidual gas by the ehH.tric cum'ut, and ait' the same a hat<'ver 
gas has been uswl to fill the tube Ih'foit* ita eva< uatu>n, although tlie lut'SMuit' st ahich 
the dUru]>tion occurs is slightly different for ditferciit gam*8. They lutstH'd in straight 
lines, so that if a Horocn, of almost any material, Ik* placed in their ]>ath- the cross of 
aluminium, for instance, interjiosed in the |M'ar-hlui]MHi t'lxMikes tnlio shown in Kig. MHl 
—its shatlow will bt' thrown on the op|Hisite ]K»silive end of the t uIh* or bulb, t ho broadt r 
end of the tulw shown in the ilhislration. When, howeicr, they ait' allowed to it'acli 
the glass walls of the lube they ]>ro<luce brilliant phosjjhotvw'i'nee then* by their imi»aet, 
lead glass giving a blue glow, smla glass a bright emerald grei-n, and uranium glass 
a most brilliant gnn'n. Many crystals, such as diamomls ami rubies, phospln.ivsce 
most brilliantly with characlcristie colours when them* cathode rays an* allowi-il to 
fall on them. Fig- ">’<>1 shows a diamond lalongiiig t'l Sir William (Voukes ]»hoH- 
phon'scing with a bright 
grw*n light 111 the cenln* 
of an exhausted bull), the 
catholic rays Is'ing direi ted 
on it from bi'low'. South 
African iluimomls give a 
bright blue ]ihos])hor- 
escenee, other iliainonds 
many and \ery \anouh 
tints, but often blue or 
gn'cnish bliie ; rubies ami 
sapplurt's jihosphorcsi c with 
a red colour, which in the 
ease of the ruby is e\- 
tn'iiiely brilliant. 

The energy produced by 
the impact of the i oqnisdcs 
or electrons is so great that 
if the cathode ]ilati' be 
made concave so as to con- 
verge the rays to a foi us, 
oven ])iatinum when placed 
exactly at that focus w readily melted. Mon*o\cr, the mys me ddlci ted when 
a magnet is held outside the tube, ])ro\mg that they an' eoin])oH<'d of partidcs 
and are not inordy an cfheieal wa\c motion IVrnn and Sir d. Thomson provi'il 
independently that negali\e dc< friMt\ is a< lually (riinh]Hi|lcd b\ them. 

It was subw<iuentl\ (liscoNcrcd by Uontgen that the iin]»B( t of these negatively 
charged coqiusdes or eledrons of negati\e distrnity smaller than atoms on the 
walla of the (Irookes tube, U'sides producing ]»hos]»horcsrrncc and lifa^rating heat, 
gives riac to a new form of t^ectroin.igncln vibration in (he ether, the now famous 
R^tgen or X-rays. These are akm to light -waves, merely differing in having a very 
much shorter wave-length and in not laung a sustained wave motion, but only awricH 
of momentary impulaea, one due to the iiiqia* t of eai h particular partide. They owe 
their now oxtemive use in aurgery to their abort wave length, whii h enables them 
to fMaa through the moliTules of all but very denw substances. Thus glass, woml, 
the light metal aluminium, agd incidentally flesh, an* more or less jstvious 1o them, 
while heavy meiala like lead and, as it b<rtunately hapjs'ns, Ismc, are pf^ tically irn* 
perfioua. They affect a photographic plate similarly to light rays, so that when tlie 
dtuid, for instance, is held fjctween the cxiiled Crookes tills* and a sensitised plate 
in thedas||, and the plate is 8ubse([uentiy develoyieil, a “ skiagram ’’ or shallow photo 
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graph of th(! bone« of tho liand i« obtain(‘tl. K«ir tho nfiailows of the bones are strong, 
leaving nearly dear glass in tho negative, the X-rays being cut off by them, while 
those of tho H(«hy jiarts of the fingers and hand are feeble, just sufficient to indicate 
their outline. A gold ring on the finger gives also a strong shadow, while the crystals 
on it are more or less trans^tarcmt. It has bixui shown, however, in Chapter XXXIIl. 
on X-rays and Crystal Striictim^ that an appreciable amount of reflection and 
diffraction of X-rays ()ccurH from the })lanes of atoms in crystal.s ; and that by 
suitably arranging tho conditions most valuable information is afforded as to the 
nature of the crystal structure, both as regards the sjiace-lattice formed by tho 
grosser structural units (tmilcciiles or molecular groups) and the actual arrangement 
(point-system) of tho atoms composing tho grosser units. Indeeil, a crystal acts 
towards the excessively minute waves of X-rays as a diffraction grating does to the 
relatividy grrisser waves of light, the only difference being that th(‘ grating is now one 
of thri'o dimensions instead of being only <>f one dimension. Kor the order of the 
dimensions of the siiace- lattice cells ami of the wave-lengths of X-rays is the same. 

For ocular observance of the skiagrams of the parts of the human body, tho 
photographic ])lat(* is replaceil by a glass ])late coated with ])otassium or barium 
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platinocyanide, salts which lluoresce strongly when the rays impinge upon them. 
The main use of the rays in surgery is to locate any foreign objeud, a needle or bullet 
for instance, ami also to indicate the presence of malformations, fractures, or abnormal 
growths of the bones themselves. The foim of Crookes tube which is most suitable 
and efficacious for the imxlmdion of X-rays is shown in Fig. oO^. It is blown out 
of soda glass, as this is trans]iareiit to the rays, whereas lead glass is opaipieto them. 
The negati\e cathode plate is (d aluminium, and is concave, and the jiositive anode 
is a plate of platinum inclined at d.')" to the path of the cathode rays and situated 
near the focus of the cath^le plate, but not .sufficient Iv exactly at tho focus to cause 
tho platinum to melt. When the tulK> is exhausted to a certain ]>oint the brush 
discharge first olwerved on ai tuating the induction coil (to which the tenninals are 
connected by wii-es) liecomes stratified, and the space near the concave cathode 
lieeoniea dark; this dark ri'gion rapnlly extends as t^ie exhaustion appnmchos^he 
tlosircd amount, until exentually it reaehe.s the w'alls of the tube, which immediately 
phosphoresce. Faint blue streamers, the cathode rays, may (^en be perceived 
leaving the concave aluminium catliode and converging towards the inclined platinum 
plate, thus moving against the direction of the current which is ol^v'iously from the 
IKisitive (high ))otcntial) platinum to the negative (low potential) aluminium eleotiftde. 
Tho negatixidy olcctrifioil particles or negative elcctron| are thus tom from the atoms 
present in Tne relatively few molecules still remaining of the gas under very low 
mxsssure in the vaeuiim tulx*, and by virtue of eleetrostAtic repulsion they are shofr off 
from the similarly negatively electrified cathode, wdth high velwity, in straight line# 
Those which strike the inclined plate give nso to Rontgeri X-rays. The inclined plate 
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then deBeeU thew X-nMii«tion« rausing tin* idiuHphorpw'fniH' on to llu> aaUn of tho tulw 
on one side, and thence out»idc where they may f»e uned for the purfKJw* of ]»roducjnB 
fikiagrama. This use of an inelinetl anode w only for etmvenieiuH* m jtettinn; a con- 
centmtion of the Rtmtgen rays in one diriHtion ; any bo<iy am’stinp the cathode 
iays gives off these X-rays, and when then' i« n<) broad anode the ulass walls thewsel\es 
servo the purpose. In the eaw' of the uw* of the inclined anotle plate the lUmtuon 
rays ajiix'ar to travel in straight hnes from the iHunt N^heix' th«‘ cathoile rays stn e 

the ano<le. . 

The llbntgen rays thus apixvir to pn'MUit to us the evtnMiie form .d .•Iheti'al wave- 
motion on the side of nnmiteness, while the electromagnetic waxes <m]io)«t in 
wittdess telegrajiby afford us the «»thir extivme of hmg waxes, and U't ween tiu sma t s^ 
of these latter xilirations \et exisiimentally pnnluced and hglit waxes come u 
raVH of radiant heat, the w axe lengths of which form a .oiitmuatum of tin* loiigei 
wives of light Indonging to the hmI end of the siH-ctium. In the same manner t «e 
extreme blue end of the x isible siKvtnim pasKi*s into the ultra xiolct .lieimca Iv at me 
rays, on the side of shortness of waxe length, after wind, with a eonsidei.ihle inter- 
veiling gap we eome to the extremely shoil waxe lengths of the Itontgi n ra_\H. 
highly interesting that the Hoiitgen lays are (n]iable of pro.liicng a similar elumma 
action on a photographu ]ilate to xmlet light waxe^. showing that t le gap \n in 
so xery girat. 'I'lie beautiful loiitinuitx of tlusc foiiiis of energx is one o n 
striking results of these new diseoxeiies. ami it .s absoluleix neeessary that we should 
follow them if we are justly to appo i mte the iialiio and lelalixe iK-aiing o la «» 
of energy, light, and also of the X-ia>s, with both of wlndi the (i>sta ogrnp i 
now HO miieh to .l<s ami wlndi 1..gethe. rexial fo, Inn. n.o.e of the niteinal stnielun 
of the obje. ts of Ins stmly than piohahlx aiix other agem \. 

Radium and Radio -activity. As illusUating ome imne how om* ' 

up to another, just as the relimsl studies of Sir William ( ion es on u * “ ^ 

chars.. ra«.|i;..l ,a«.« I...1 ... I— > 

otherwise if not ilscl will, due pie. i.iili..iis| \ riivs h> U..nln.n. "" ' . 
by H,.e.,uen.| m the year IS'.hi a- to the na.ore the ll.ioieseeiiee whieh - t d. I 
liy the suhataiiees sli. h ic ,s,l«ss...... an.l hariun, plalulocyaMi.les, .l«sl ... r. par I K 

tiic Huo^weent .em...» lor Ko.dy. n le.l '1 led 

phcilolilellon now bo well hl.owii as “ raiho a. ll\il\ ‘.r . (utollde 

llaervation that the salts of the heau,.st of all ak a.... d.n (aUn .ia 

weight 2IW-7. that of hydrogen I), »h..h «r.. pn- en.n.en.lv j'",,;'™ 

require to k prehniinanly exeiled hy sunlighl or lioiitg.n wans, 

when freshly jirejatred synthet.eally in Ihe dark. Ihey ...m' I le pow. r 

capable of passing threiigh opaqu.' «' "•< ns “".I then o a. ...g on a p ... ^1 

ThL rays were fonn.l to eons... ^f "n....... ..I -he .-.her. wry 

X-rays, and, like them an.l violet hghi waves. I ai«i 111... if. ..t»i.a I ( 

layer of the plate. Now .t h.ts |.,..g .«e., know,, .ha, .ha j;"' 

«uor-spar, wurtiite (the hexag......l f..r... ,.(,er. x|s.s.iret» 

pared sulphides of iinc,banuni, and* alciiim. glow ) g > , ,, a .j . ,,l,()Kphor- 

bri^t sunlight, the general ru^j- for sm li I’*'*''’*' ^ fordeUiU 

e]^traysa,eofgreaterwav.. |e..g.h ,lm.. . .e^ wh..h of its own 

eonoeming phosphjroseenee). Ho h. n . _ ^ ,li«.o,ery 

intrinsic nature em.U rays similar to ,\ ra,x» In 

was made indene*dcntly by Schronit a.„l l.y •Ma.lan.e ( nr,. Ihe w.i 

Curi%of Paris, to whose work concerning the symmetry o tw>HWissed 

reference was made in Chapter^ XX.- t hat i„ ^nlef of at.“n‘>c 

by another of the chemical elements, tlmnuin, the m xl 1 g KVHteinatic search 
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oxide U$0|), w»8 very much more radio-ftctive than the pure oxides of uranium which 
are extract^ from it for the preparation of fluorescent glass. The pitchblende from 
the Johanngeorgenstadt mines in Austria, the richest in uranium (70 per cent.), proved 
to be four times as strongly radio-active as green uranium oxide UjOt, and three times 
as powerful as the black oxide U,05. Moreover, the strength in radio-activity came 
largely from the rejected residues left after the extraction of the uranium, and after a 
very laborious investigation of them Madame Curie was Anally rewarded by the 
discovery of the most wonderful of all known chemical elements, radium, which 
possesses the property of radio-activity par excelUnce, a million times more powerfully 
than uranium, and to which pitchblende very largely owes its display of the property. 
It was associated with the barium contained in the mineral, being the last (heaviest) 
member of the same Croup II. (oven series) to which the alkaline earth metals, 
calcium, strontium, and barium, belong. 

Moreover, the bismuth also contained in pitchblende was found to bo associated 
with another radio-active element, which in honour of Poland, her native country, 
Madame Curie named polonium. It is present in such small quantities that Marekwald, 
who has since discovered another mode of obtaining it from pitchblende, had to use 
two tons of pitchblende in order to obtain the fraction of a grain of i)olonium. By the 
end of the year 1898 those two new elements were obtained sufficiently pure to enable 
their spectra to l)e determined. In 1899 a third new element, actinium, was extracted 
from this important mineral, pitchblende, by Debierne, which also ])roved to possess 
radio-active properties. The atomic weights of all these five elements, uranium, 
thorium, radium, jKdonium, and actinium, are very high (see table on page 708), the 
throe which are known with certainty being the highest of all elements. That of 
radium was determined by .Madame Curie in the year 1908 to be 226 (225 when 
H“l, 226*4 if 0~16), with a ])reparation of extraordinary purity, and the number 
has been indeiMjndontly confirmed in this country by 8ir Edward ThoiqM*. We are still 
uncertain about the actual figures for polonium and actinium. 

Metallic radium itself was actually isolated in the year 1910 by Madame (hirie and 
A. Bebieme by the electrolysis of the chloride, ami found to lx* a brilliantly silver- 
white metal which molts at 700'’ C., altering at once in contact with air with formation 
of a blatik nitride. 

Radium is constantly emitting four different things : (1) a -particles, which have 
been shown by Sir Ernest Rutherford, who has contributed greatly to the investi- 
gation of the radio-active elements, to consist of the positively electrically charged 
atoms (really the nuclei of the atoms, as pivsently to bo explained) of the gaseous 
element helium (atomic weight 4), which itself had only a short time before been 
discovered by Sir William Ramsay to exist terrestrially, occluded in the mineral 
clerite, although the yellow line 1), of its 8|)ectrum has been known for years to be 
characteristic of the solaw chromosphere. This lino had been first observed by Sir 
Norman Lockyer, and its wave-length carefully measured in the year 1869, and the 
name helium was suggested (from “the sun”) by his colleague Sir Edward 
Frankland. The a -particle, or radiant helium atom, is not quite the same thing as 
the ordinary atom of helium ; for it is the jiositive r^cleus with its + 2e charge^bnt 
without the two negative electrons -2« (electrically equivalent to the +2e charge 
of the nucleus) which together with the nucleus form the ordi^^iy neutral atom.^ 

^ If -e be the charge carried by each negative electron, the ck-particle carries a 
positive charge + 2r. Thus an a-jiarticle, with its charge + 2e and two nentive elecgpOHQS, 
form an electrically neutral system, and this system has been proved by Rutherford 
to be the #.ormal helium atom. The positive nucledi of the helium atom, together 
with its charge + 2r, is the a-particle, and its mass is practically the whole mass of tlie 
helium atom ; for the mass of a negative electron is only the l/7300th PMrt ol 

the helium atom. The size of the helium atom has been determined ; its ladRu^, 
• almost sxaetlv 10 cm., the one ten-millionth nart of a millimetie. which is 00.009’ 
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(2) which ftre negatively electrically charged corpuecle* or '‘eloctrow” 

■m^r tbM atoms, nmUar to the cathode rays of the (Wkes tube. (3) >.i»ys, 
wHch aio of tho ^e nature as the Rdnt«en X-raya (I) An emanation of an atomic 
nature, which Sir William Ramsay provwl in llie year 1910 to Ih> another new 
gasMus element of the argon series, to which ho gave the name “ niton ’ (or more 
probably an isotope" of this element, as shortly to be expUituHi). the sei'ond higher 
in atomic weight above xenon, its atomic weight U‘ing 222, 4 h«*luw that of radium. 
It appears to bo intimately connected with the prcnluction of helium, which indioatea 
that radium spontaneously decomposes into helium and niton (or its “ isotopi*,'" and 
therefore referred to generally only as “ radium emanation ”). 

4 , The late Sir William Crookes devised a sim])ie arrangement which he termed a 
"spinthariscope" or “ spark-viewer," for ob«^r\mg the luminous effect on a Huor- 
escent screen, of the a-particles, the ]H>sitively (barged helium 
atoms (atomic nuclei), emitted by radium. It is shown in Kig. 

693, as constructed by Messrs, R. and .1, lieck. It consists of 
a short tube carrying a lens at one end, very much like tin* 
focussing glass used to focus the jiicture on the ground gloss of 
a camera, but closed also at the other end by a w nnui coaU‘d 
with the phosphorescent sulphide of zinc (the hexagonal \arn*ly, 
wurtzite, usually ])reparo(l artiticially by h(*afnig ordinary pre- 
cipitated ZnS in a currt'nt of hydrogen), and carrying a ininuU* 
speck of a salt of radium at the end of a small win* holder 
Just in front of the centre of the scre(*n without touching. As 
the charged helium atoms emitted by the radium imjungc on 
the ZnS screen, they each render it fluorescenl at tin* spot, 
and the lens resolves the sjKit of light into a multitude of 
small sparks or flashes, momentary Meintdlatiuns of bright light, like a crowd of 
shooting-stars. 

The explanation of these ]ihenoniena ]>n*seiitc<l by radium is that the element is 
one so near the verge of instability, that some of its atoms (atomic weight 220-4) 
are constantly disintegrating, and breaking u}) into atoms of niton (emanation, atomic 
weight 222-4), a-particle helium atoms (]K)sitively charged), and /i-particles, the 
electrons of negative electricity or el(*ctroni(- cor|»uHcl<*M m*gativi*!y chargi^J with 
electricity; the a-particles are (as shown on jmge 702) the nuclei of the ordinary 
atoms of helium, which emerge carrying the ixmitivi* el<*elric charge* 2<', and disrupted 
from their two electronic negative cor]>us( li*s, which ein(*rg(* as /^^-]^arti<-les, For, as 
•Iso already shown, the ordinary atoms of helium an* com]s>s<*d of the positive nucleus 
•nd twice as many (two) electrons as then* an* in the atom of hydrogen, whh^h 
contains only one. The disintegration is thus eswmlially one info the atoms of the 
inert gaseous substance niton, an element of lower atomic fteeight, by the splitting 
off of helium, the latter also losing its neutral chara<'t<T by the t(*aring away of its 
two negative electrons, which arc set fiXM* as /i-partu l(*s. 

It would appear that this disintegration of atoms, which (scurs s]K>ntancouHly 
with radium, is brought about ip the cases of atoms of the common gases, such as 
hyd^(en and nitrogen, by the passage of an oicctnc curn*nt thnmgh them in the 
▼oiy rarefied state ^ which they exist in a (’rookes tube. In the case of radium, 

^ Ihift dkmt^ratkw is accompanied by the iils'ration of heat, so much iiidix^ as to 
- Wt a int ai n the radium salt permanently two degrees Fahrenheit higher in tera)H*rature 

tikat oi the negative electron (2 > 10 '* cm.), llent-e the vast pro}><)rtion of the 
, l|AMrieiU space encloeed by thefitom is empty space. Even if am»ther eltimate of 
tpe idae pf the electron (2 x lO-** cm. for its diameter) given by A. H. t'omiiton 
Bev., 1910, J4, 20), by reason of its comparability to the wave-lengin of 
hardest" >*ray8, be correct, the electron is still excessively smaller than the 
amount of free space in the spherk'al system relatively enormous. 
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than the surrounding air. The energy previously locked up in the intra-atomic 
vibration of the corpuscles is thus libt^rated on the breaking up of the corpuscular 
arrangement which with the |X)sitive nucleus constitutes the atom, whatever be the 
nature of the arrangement, whether a series of definitely arranged cycles or any other 
arrangement having regular orbital or other movements about the nuel^s. 

Structure of the Atom. — In referring U) the important work of Moseley, on 
p. 745 in Chapter XXXIV., it was shown that the chemical atom is now proved to 
bo com|>osed of a central positively charged nucleus (the relative c-harge on which is 
equal to the atomic [wMjuencej nuinlier N) and a number, also equal to N, of negatively 
electrified electronic corpuscles or electrons together electrically equal to and neutral- 
ising the positive charge on the nucleus. The nuinlx^r of these electrons is in general 
found to be about the same as the half of the number representing the atomic 
weight. Coming down to the simplest of tlu^ elements, those of very low atomic 
number, it is probable that the lithium atom (atomic weight 7 and atomic 
number 3) has 3 negative electrons only in its constitution, the helium atom 
(atomic weight 4 and atomic number 2) only 2 as just describt'd, and finally the 
hydrogen atom (atomic weight and number 1) only a single /^-electron. Indeed, the 
atomic number probably represents the exact number of the negative electronic 
corqmscles contained, It has Is^en assumed that in addition to those more or less 
firmly lield electrons of constitution, arranged about the nucleus in series of c 3 Tles 
as the complexity increases with the growth of the atomic number, each atom is also 
endowed with one, two, three, four, (ive, or ])ossibl 3 ' six or seven movable valency 
electrons, which in'sides controlling the chemical valency are concerned in bringing 
about the ])henomona of conductivity. It is now ]jrobable, however, that the assump- 
tion is unnecessary, the electrons of constitution in the outer shell determining the 
valency ami the chemical properties of the atom. 

It has bc'on very clearly put by .1. H. deans ^ in a lecture to the Chemical 
Society on May 1, lilfU, that the normal atom consists of a certain number, N, 
of negative electrons, each of charge -e, and a positive nucleus of extremely 
minute size and of charge fNr, where N is the atomic numlx*r of the element. 
For helium X 2 as already shown. For hydrogen N 1, for lithium N=:3, 
for potassium N It), and so on. The negative electrons are similar, standardised, 
and interchangeable parts af all atoms of all elements. In the case of hydrogen, 
the atom (ordinary, neutral, uncharged) consists of a single negative electron of 
charge - e and a positive nucleus of charge f c, the mass of which is somethhig 
like 1840 times that of the negative electron. How these constituents arc arranged 
and move inside the atom is not yet fully solved, but what has been stated in the 
previous few lines quoted from deans is probably finally and im ontrovertibly settled. 
Both the main versions of the theory of atomic structure, those of Bohr and Somraor- 
feld, and of licwis and liangmuir, jiresently to be described, agree on so much. 

Neither the ordinary Newtonian laws of motion nor the electrostatic laws aro 
capable of explaining the movement of the electrons in the atom, as exhibited by their 
spectra. The motion is discontinuous, and a formula has been discovered by Flanck, 
involving the idea of “ quanta ” of energy, which (Jpes agree with the spectrum ob* 
served. For when the electron is executing isochronous vibrations the total energy of 
the vibration must fall into “ quanta (one, two, three, or more^ and cannot involve 
fractions of the quantum. The “ quantum " depends on the frequency of the vibra- 
tion. If the frequency be r, the quantum is hr, where h is an energy constant of nature 
now known as “ Planck's constant.” * When an electron jumps from a vibration of 
n, quanta end freciuency r, to another vibration of^», quanta Mid e, froquMicy, it 
emits inEantaneously the energy h{nit\ ~ n,r,). Again, from photo-electric experi- 


‘ Journ, Chem. Soc., 1919, 715, 866. • 

* Thft valno nf h is ffiven as 6-53 bv Lanarmuir. Frank. Inst. Joum., 1920, 189, 603. 
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menu it is found that to ionise*’ an atom by light an amount of energy Q is 
required* and a frequency above a critical value r^, both dependent on the nature of 
the atom. It is also found that Q-Ar,. which remlera it probable that light of 
frequency e travels through the ether tiwi up, as it were, in bundles of amount Ac. 
This is Einstein’s theory of light -quanta. 

On this foundation Bohr has dcvclojsHi his theory of line s|>ectra and atomic 
structure, and it agrees wonderfully with the structure of the atom as above outlined 
in accordance with the work of Hutherford and of Moseley. It assumes that the 
negative electrons, as they grou in numlM^r with the atomic iiumlier N, build up 
first one ring or shell and then another, until the iiucleus is surrounded by aeveral 
such rings or shells by the time the heavM'r elements are reached, tMtnvsponding 
more or less to the jierioils of the jwrnidic system. It H4'counts ff>r Moseley’s law, 
calculation showing Unit the « hnch of the K-scrics of X ray s|iectra would arise 
during the passage of an clectnui from the sec(*nd to the first ring, and the a-lines 
of the L-series during its passage from iing 3 to ring 2. 

A slight corriH'tion is found neccssari for the fait that during the movement 
of the electrons the nuch'us is not ahs4)lutcly at rest ; in the casi' of hydrogen, for 
instance, it osi'illates around the centre <*f gravity of itself and the one negative elee- 
troll. A. Kowler has shown that tin* s]K‘etroHcopic ohw'riations agrtsi ]n*rfe<'tly with 
what IK to lx* theoretically cv]H‘( (cd when this c«»rnM tion is ap^iluxl. Not only so, 
but even the line structim* of the sixvtriim hues is aflorihMl when, as assumed by 
Soiiimerhdd, the orbits of the clcctnms an* not iin‘n*ly h'garded as cuoular, file 
simidest ■jxissiblo kind, hut ellqilical as well, wheh they are also ('a}>ahle of Ixung. 
For instance, the well-known M*4l hy<lrogcn hue (' or Ha has Us'n both qualitatively 
and quantitatively cNiilaincil by S<inimci-fcld, as n'gards its (iiie structure when 
resolved by the liigli-i»ow<*r (‘clu*!on s^R'etrosciqu* (si*<* pag«‘ 7Hb for resolutitui of the 
hydrogen linos). 

When lilKTatod from their atoms the cKicssiH'ly minute ami light /f-corpuscles 
or electrons mo\c with almost incicdihlc \4*lo« ity f(»r mateiial parUt lcs, something like 
KXVKM) miles ]K'r sis ruul ; hcmi* it is that tlu'V an* n*gnr<ler| by many physicisU as 
atoms or units of cli'i'lricity. 3 hey an* <‘a]»ahl4* of n*adil_> passing thnuigh cloth, 
pai»cr, wood, and thin slus'ts of metal, esis'cially the light aluminium : imhx'd, the 
IKirosity to the passage* of tin* cici trons is m general inversi'ly as the density of the 
material intcr]M».‘«*d. But they an* stojqx-d In mm < «>ndm torK such as glass and mica, 
and by a densi^ metal sheet as thi< k as a jM-nny. They an' emitted ntd only by ra<lium, 
but also by thorium and uranium, ami iM.SKihly by actinium, hut not by ]H)lonium. 
They are aeeonqianied by the (‘^lmllar in natun* U> X-rays) in eai h caw*, which 

are much more ix*netrati\c, passing n-adily thnmgli an im li of solid lead or a bxit 
of iron, and their \clocity would a]>iMar to n*K<*niblc that of light wavisi, being nearly 
twice that of the .^-corimscles or cleitroiis, which in turn much gn*ateT than that 
with which the atomic a-j»articlcs of ]K>Mti\cK chargmi helium are eniitU*<t by rwlium 
(about ir),()UO to 20,000 miles yK‘r secmid) 

As the lieat source of roilium la the uranium mim*rals, it has lKX‘n suggested that 
radium* of atomic weight 220, is a stage (along with Ihrei* helium atoms of atomic 
welfht 4) in the diaint-egratu^ of uranium, of atomic weight 238, just as niton 
(emanation) and helium an* further stages i»nxlue/*d by the breaking up of rarllum 
atoms. From thoixiasrimcntal work of BoltwocMl, and also ors-oniing to July, who 
baa studied the guostimi fnim the gcologieal ixnnt of view, there is alixj an inU'r- 
tned|ate sobsUnce, ionium, formeil Ix-twwn uranium and radium. This ek*mefit, 
hos^r, will presently be shown to be inerr ly another form (an wotojx*) of tboriuin. 
Up to and Inclurling uranium ^ere are 92 cheinh al elements possible, as ftoscjey bas 
definitely proved, all but 5 of which arc known. One of the 3. that of atomic number 
bo kcltium, and if this should prove to be subsUntiaUxl there only re— 
tooT undi^overed elements (sec the accompanying periodic Ubie, fiago 708). 
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The facte which have thus been briefly recorded enable us to carry our knowledge 
of the nature of matter another stage further than the atom, which for the purposes 
of structural crystallography we have shown in the preceding part of this book to be 
the unit of crystal structure, the stereometric mode of aggregation of which in a 
regular ]K>int-system determines the crystal class, while the molecule or small group 
of molecmles determines, by its 8j>ace -lattice mode of aggregation, the system. It was 
further stated, in diseusHiiig the probability of the occurrence of interspaces between 
the molecules and Indween the atoms, that the atoms themselves were probably com- 
posite, and that relatively large interspaces unoccupied by matter as wo know it also 
occurred between the com])OHing ultimate particles within and constituting the atom. 
We now perceive that the /i-eoqmseles or electrons and the nucleus are these ulti 
mate ])arti<‘le8, and that the /i-corpuscles, electrons, are of paramount importance from 
the point of view of the nature of light vibrations, as will presently be more clearly ex- 
lilained. The intersiiaces within the atoms, however, are not readily penetrated, as the 
coqniscli'H are undoubtedly in rapid and ]irobably organised motion within the confines, 
possibly restricted, which we regard as the atom or its sphere of influence. Sir W. H. 
Bragg has shown, however, that the a-paiticles (positive helium nuclei) can traverse 
the atoms of other eleimuits with astonishing ease, only a few of them being deflected 
by collision with a nucleus, the negativi* electrons offering practically no resistance. 

The chemii al atom, the oonceiition of which by Dalton has led directly to a century 
of most wonderiul ])rogress in ( hemistry, iloes not lose in importance one iota, as the 
unit of i hcuucal constitution and of crystal structure, by this discovery of component 
corimscles. On the contrary, our n(*w knowledge of its composite nature affords us an 
inkling of the meaning of certain ]U'o]M‘rtics of atoms which have long piiz/ded us, and, 
in iiartii'ular, of the meaning of their siiectrum lines and of the ])eriodicity observed 
in tlie physical and (dcctrochemical pro|K*rties of the atoms of the various elements, 
which is seen to occur when they are arranged in the order of their atomic weights. 
Why those ])ro|M'rties are re]ieat(‘d in octaves, from basic (electro-positive) through 
neutral to acid (electro negative), giving rise by their re]H'tition to the family groups 
of similar elements which we have seen form the isomorphous series of crystalline 
comiwuiids, is now no longer an enigma. This fundamental law of pt*riodicity of 
the chemical elements, di.scovered by our countryman Mewlands and termed by him 
the law of octaves, and worked out in numerous details by the master mind of 
Mendeleev, ‘ is indeed clearly revealed in crystals, in the beautiful law of progression* 
of the crystal angles and structural and physical constants, according to the atomic 
weight of the interchangeable elements of the same family group which give rise to 
the isomorphous series ; and its full explanation is affonled by the classical discovery 
of Mow'ley that the atomic number, which varies similarly to the atomic weight, is 
the fundamental constant, determining Imth the positive charge on the nucleus and 
conseipiently the I’orn'siimding com^ilexity in number and cyclic arrangement of the 
surroumhng neutralising negative d corpuscles or “electrons.” Indeed, the term 
“isoraorjihous" is now found to Ix' only applicable to such scries in the limited sense, 
involving this progivssion in regard to the crystal angles and as to every other pro- 
perty of the crystals, following the atomic uumliers of the interchangeable elements, 
which has been clearly stated in previous chapters. • • 

It is obvious that such arnvngoments of corpuscles can readily be imagined which 



1 See chapter iii. of the author s monograph, Crystalline Structure and Chemical 
Constitution (Stacmillan & t’o., 1910), for further details. To the periodic table of the 
elements tliew given the atomic weight of niton now requires to be added, 121 if 
H “ I or {) 10, in (Jroup VIIl. Series 11, iq^tead of the radium emanation, 

then thought to Iw 175 or 170 and to belong to Series 9. This table, with the atomic 
numbers added, in stronger type, and revised to February 1921, is given oi^pa^s 768. 
• * k full account of the author s researches is given in the above-mehtioni^ 

. mannirraoh. 
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Mcount fpr thw atomic periodicity, and although none of the detailed achemei yet 
preaenM may give ua a fully correct picture, there ran !» no doubt that their princi|>le 
i* on right hnea. Sir J. J. Thomson, for in«(anc<*, has imaginwl the formation of the 
various atoms by the regular addition of cyrhvs of thi'se otirpusclea or electnma arranged 
concentrically, such cycles Unng found to fall naturally into iwtaves of similar type of 
progression. In some such way, though |K)SH»bly with other details, as imagined hy 
Bohr and others, the electrons within the atom are siippoaed to In* kept in regular 
orbital motion aithin its lK)uiid». like a niimaturt* s«tlar sysl<Mii, The numW of cor* 
puscles com|K)Hing the atom of the lightCMi of the eh-nicnts, hydrogen, was at first 
sup[>oa(>d by Sir d. d. Thomson, Isdon' the jhtMovery of the jHisitive nucleus by 
Kutherford, and of (he fact that pnM'lually the v^hole of the mass of the atom is due 
to if, to be as many as S<Xt. but this iiuuiIht has Ikhui shown to U* grossly too large, 
and further rem-anhes lia\e agn*e4l in indicating a single one as the correit numlH>r. 

Indeed, it m now jiraeti. ally lertam. ns aln*a<ly indi«‘alod. that the atomic niimln'r 
N (the mMjuenec numis'r of the chemical element iii Hie ^H'nodie table) not only 
reprosent.H the posuive < barge on the atom nm leus, but also the exact numlx'r of 
the negatiM'ly el<*elrili*sl eledMiin eorjuiM les which with the poaitixely electrified 
niuleuH eonstuiiic flu‘ atom. The nie.i that Ihco' an* in addition one, two, thn*(*, 
four, fa e. or i»osmIi!x more up to s.‘\« n \alen. n cleetrons. loMug corpuscles which 
detcnniiic the r heinical aflini*\ pio|M‘ity of \alency. and an* also coneenied in eleetric 
and thermal mndm ti\it\. woiiltl a]>|H ai ftoin tin* most rcei'iit work to b<* sujs'r* 
fhious. It Is clear. li<iwe\er that electric ( liaiires of negatue sign are intimately asso- 
ciati*(l with tile 1-1 (uiuiM Ich ot dct tnuis. and altonl the explanation of their ability to 
produce waves ,,{ !igl,t ulcnti. al in all but wave length with ex]M*rimentHl)y pnalilced 
elect roinagiietic waves 

Ac<*onling to A. H t'ompl«ui’ the eledron is a ring of *' elect ricity '* of radius 
2 5 • 10 < ni Other deteiminations ..f ilu* «liim*nsions of the negative do(*tn»n 

have, howev<*r. induated the taduis 2 • 10 '•'•cm. and this value is given by deans 
in ills le< tiire to the t'hi'inieat So<‘ictv 

The ae( oinpanving taltle (next pag« ) shows (be < bemieni elements arranged in order 
of atomic humiImts and (in ceiicial) atome weights, m aeeordaiice with the jM‘riodje 
dassi Heal ion. 

The Atomic Number and Atomic Evolution It will thus is obvious that tnen*A.Nirig 
im)s>rtan<'e now atfadn s to the atome numlH r * of an element, that is, the numls>r 
whidi denotes the jsisifion of Ibe element in .Meiideleex ’s ]s‘nodie table (n*vist*d up b> 
date on the next jiage). As is well known, there are a few' instam es (argon and ]x»(assium, 
nickel and cobalt, iodine and tellurium) in wbicb (he place of (he dement in not in 
agreement with the atomic weight detenmimtionK ; in mk li i am s the order of (he atomic 
numbers is followed, ajiprojtnate (o the onh r in the tal»le assigneii by the chemical or 
physical proix'rties. The xalues of tin- atomic numlsTs n'lw/j,! cejited (due to Moseley) 
are given in stionger t} jk*. A Is'tter n-itrcwntation of 1 he facts is obtained liy employing 
^ i|)iral in tliixH* dimeiisions. In tins « aw* lixdiogi n may Is* ]))aee<i at the ]K)le of the 
ptrak The spiral may lie considered as wimling down the surfare of a cone, with 
lydrogon at the afx*x as (he styling is.int. 

I^bus according to the eli*< (ncal theory of matter, (he atom consisis of a eentrai 
lucleiu or core, oarrying a resultant iswitui* ( harge, surrounded by nngs (pooaibly 
lo-planar) or shells oil negative dei inms. It was first suggest'd by van den Brook tliai 
;hc number of tha place in the ]>eniKlie table was the same as the numU*r of oloc- 
^KMUitn the atom or the numlx-rof unit charges l arried by the nucleus. The name 
raggestion wa* marie shortly aftorwanls by Sisidy in • onn<‘< lion with the nulio-aetive 
;hail8^ in the last thirtrxm places in the jicnodie table. The hjTiotheais /!r'conftnn«cl 

. » VV- 'A •*^*‘>* 

■ An excellent memoir on the subjwt of Atomic Numlier by H. 8. Allen will he 
fetmd in AVx-., 1918, 113 , 389. 
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by tbe m«a«urMnenU of lUrkla on tbo of tho X-i«(U«tion ftxun 

vAhouM >mb«Unce«. These incUc«te 7 elecinmn jier atom of N, H for O, tt for (\ 10 hir 
8. 1 for H. Rutherford’s work on the sesttering of a-p&rticU^s by atoms of matter l<*«l 
him to the conclusion that the concentivted nuclear chargt‘ was ap))ruxituatcly ecj^ual 
to half the atomic weight multiplied by the chaige of an elcctnm. The atomic num- 
bers an% in fact, roughly equal to half the atomic weight. 

It was, however, through the work of Moscdey on the fn^quencv of vibration of 
the X-rays, which are characteristic of the elements, that the imi>ortan«H'' of the 
atomic numbers was firmly cstabli»he<l. The square n*ot of (he fonjiiencv of a line 
in the X-ray sjieotruin was found to be pnqMiiiional to a nuiuU'r which incr«'A«*d by 
unity in passing from one element to the next in the jK'niMhc (able. Thus every 
element from aluminium to gold may Is* chariM tenw'd by an integer, N, which <h»ter- 
mines its X-ray sjiectrum. These atomic numbi'rs were tabulated for the elements 
in question on the aHsumption that N for alumiiiium is lit. Ih'twi'cn uranium and 
hydnigen only live ]ilaces remain vacant. 

Allen has also shown that similar (onsideratioiis may Is* applied to chemical 
conqKiunds, and that the moltHular numlM‘r of a eoiiqiound is sn ad<litive furuiion 
of the atomic numiicrs, that is, the mohM ular niimlH*r N of a conqKUind A„ Bn (\ is 
giv'en by the equation N uN., + //Nt tiN,, where N„, N/,, ami N, an' the atomic 
numljcrs of the three* coiinKmcnt elements. 

It may now Ixi reganle<l as certain that most of the pro]s‘rties of the elements 
de]K'nd on the value of the atomic numls-r rather than on that of the atomic weight. 
For example, the at<imic fn*<jm*ncv winch determines the thermal India viour of the 
clement 111 the hulid staU' has Unui shown by Allen ' to bear a sitiqih* ndation to tbh 
atomic numlicr. Certain electronic fnnjucmies an* n*lat4*<l to tlu* atomic number 
in a similar way. 

It will lie iKtticed (hat Mosidey's woik do<*s not give a unique determination of 
the value of N, since it is baH(Ml on (he assumption that N is III for aluminium. 
KydUirg has suggi'slcd that two unknown elements should lie included in the ]>erio<llc 
table between h>drogcn and litbium, so that the atomic numln'r of lilbium would 
be 5 instead of U, For all the elements later in the table BydixTg’s ordinals w'oubi Im* 
greater than Moteley’s numbers by 2 units. KMdence in faioui «>f .Mosi'ley's initnlierH, 
however, is accumulating. Thus Harkla's results on the mattering of X rays by 
air show that the numls-r of cb*ctroris is as in’ar to 7 for an atom of nitrogen as it 
is possible to estimate the ]»r<‘ssure of tbe air under winch the ex]sTiments were 
made. In the work of Allen, on the relation Is-twi'eri at<»mi<' fr«‘<jucncy an<l aloniie 
number, it was found that the atomic numiM-rs of .Mow-ley gave more satisfactory 
agreement than did the atomic ordinals id Bvdlxrg Tin* same ionclusiiiri was 
arrived at by van den Bixs'k.* 

Soddy,* to whom with Hutherford niuih credit is due bir fur knowl(»dge of radio- 
active change, concludes that, as we i|ia«8 through the suci esHivc eh'inents in the ^leriodic 
table one more negative electron is oddeii (•> the outermost ring i>r shell for ea«‘h 
unit incieaae in the ix>«itivc charge N on the nucleus, or in the atomic numlx*r (which 
U numerically the same), and yiat when a ieriein numlx-r, 8 in the early part 
of th#table and 18 in the later part, has aildwl a eompli te m w shell or ring 
baa become formed, which no longer ]iartlcij>atcs dm*ctly in the ehenncal activities 
of the atom. Mosele^has made the bst of ikissiWIc elements delinite, and the details 
of tbe evolution (other than the above main iXTUirenee), must, whatever they ate, 
be aueb at bring ateut all the intcn*aiing peculiarities of the iK-riodic classihcation 
which have been experimenUlly obaerved. 

‘ H. 8. Allen, Proc. Roy. Hoc., 1917, A, 91, 100 ; Phil. May., 1917, .U, 478 and 488. 
* V«i den Broek, Phil. Mag., 1914, 2H, 630. 

^•Leotiiie by Prof. F. Soddy at tbe Royal Institution, May 18, 1917 ; ^aiurc, 
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The atomic volume is undoubtedly the total volume swept out by the systems of 
negative electrons in orbits of revolution <>r in shells around the positive nucleus 
(which carries a single concentrated positive charge equal and opjjosite to that of 
the sum of the electrons) ; and beyond these rings or shells guardiiig the nucleus it 
is ordinarily imiKissiblo to penetrate. Their penetration by the very minute nuclei 
of helium atoms (the a-i)artic*lcs and next to the lightest of all ijositivo nuclei) is quite 
exceptional, Chemical ])henoraena deal with the outermost system of electrons 
alone, the potentiality of loss or gain of which conditions chemical combining jxiwcr. 
Light ffjwctra originate itj the same region, but probably the dceixjr systems of electrons 
are also involved. X-rays and y-rays originate probably in a deep-seated ring or 
shell around and close to the nucleus. Mass phenomena, however, almost entirely 
originate in the nucleus itself. It may indeed prove to be a fact that the nucleus is 
identical with the “ ion ” of the physical chemist. The negative electrons are of 
mass MO minute that, as already mentioned, liefore the nuchms was discovered by 
Sir K. Rutherford, it was found by Sir J. .1. Thomson that a minimum of 800 would 
be required to make up the mass associated with the hydrogen atom ; hence his first 
erroneous estimate of this large number of electrons in tlu; hydrogen atom, a conclu- 
sion now known to Ix' grotescjuely wrong, as there is only one electron in the hydrogen 
atom, in accordance with Moseley’s law, this element being No. 1 in atomic number. 

Radio-active Change as Atomic Devolution with possible Production of Isotopes. 
— The low of radio-active change is, that the expulsion of the a-particle carrying two 
positive charges (the helium atom minus the two negative elect rtms) lowers the 
atomic numbt^r by 2 in accordan<’e with Moseley’s principle, and thus causi's a shift 
of two iilaces in the periodic table ; while the expulsion of the /^-iiarticle (the negative 
electron) carrying a single negative charge increases the atomic nurnlxT by 1 and causes 
a shift of one place in the o])poHite direi tum. The nucleus remains a single entity 
in all atoms, and practically all the mass of the atom, as just shown, is represented 
by it ; the positive ebarge merely concentrates on a single nucleus with the rise in 
the atomie number, the mass of the nucleus corn'spondingly increasing as the ix^riodic 
series progresses. The increa.se of negati\e electronic power, to maintain equilibrium 
with the growth of the •jHisitivo nuclear charge, occurs by the addition of separate 
unit-chargo-boaring electrons, one for every unit increase (the only possible mode of 
increase being integral, as the ]Hmitive charge on the hydrogen nucleus is the smalleat 
positive entity) in the atomie number and ]K)sitive charge. When the /^-particle is 
ex})eUo<l with a sufticiently high velocity it is acconqmnieil by 7-rays. The 7-rBy8 
are X-rays of exceedingly short wave-length, varying from 1-3 to only 002 Angstrom 
units (an Angstrom unit being I x 10”" cm.), the shortest of this latter wave-length 
Ixung the main 7-radiation from radium-C’, and not resolvable by crystal gratings. 
The shortest wave-length resolvable by crystals is 0 072 Angstrom units. 

One very remarkal’e result proceeds from the above now well authenticated 
facts, namely, that the atomic weight is not so absolutely fixed a quantity as wo have 
given it credit for being, and that there can b<! two or three different forms of the 
samo chemical element, which have been termed “isoto^ies” indistinguishable both 
chomicalty and sjioctroscopically, but iiossessing atomic weights which may differ 
by two whole units. The first cast' discovered was that of niton, the last nfdmber 
of the argon family of inert gases ; for not only is this gas produc'ed, along with helium 
in the o-particle form, as the emanation in the disintegration ofradium, but it if also 
the emanation whicli is afforded by both thorium and actiniupi. Kamsay found 
222-4 for the atomic weight of niton from radium, loss than that of radium ^26*4} 
by that of helium, 4. But if in the samo way we deduct two atoms of helium of total 
atomic 4^eight 8 from 232-4, the atomic weight of'thoriuin, we obtain 224-4 for the 
atomic weight of niton obtained from this source. 

An even more interesting case is that of the element lead. It has now l)eeii 
proved that the radio-active elements are made up of lead and helium, fo|f lead is their; 
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finidl product, with oUraination uf helium at oai'h stage of the disiutegration. Tho 
uranium mineraU have been shown to yield the three new radio-active eleinenta, 
radium, polonium, and actinium. These three elements are, however, only inter- 
mediate members in a long sequence of changes uf the |)artmt element uranium, of 
atomic weight 238’5, the ninety-second and last element of Moseley’s list. They an' 
not tho only radio-active elements by any means, a considerable nunilK'r of other* 
being known, each with a delinite life iieriml ; but they an' the only ones having a 
proper place each in tho periodic table, and marked by distinct clicmical and B^*cctro- 
graphic properties. Three of tho others ar<» of sjxM'ial inten*st, however. One of 
them, radio-load or radium- D as it has lxM?n termed, cannot Ik' distinguished from 
common lead. Another, ionium, which has aln^ady IxHm show n to b<* an intermediate 
element between uranium and radium, cann«»t lx* discriminated from tliorium. And 
the third, called mesothorium-I, cannot W distmgmsbcd from radium. Similarly, 
aa regards two less known radio-activc elements, incsuthuriuni-ll^is non-wjiarable 
from actinium, and radium-A from ^sdomum. Thallium and bismuth an' also known 
to be identical chcmicully with w'xcral other still rarer radio-active elements. 

Now common lead has an atomic weight id 2071. Jn the ihsinlegration of thorium 
of atomic weight 2324, by tho K)ss of m\ helium atoms each of atomic weight 4, a 
total loss of 24, wo should obtain a residual clement of atomic weight 208 4. Similarly, 
by the disinU'gration of uranium of atomic weight 238-5, by the loss of eight helium 
atoms, a total loss of 32, wo should arrive at an element of atoniie weight 200-5. It 
would thus ap]x-ar that lead derived from thorium ami lead ilenved from uranium 
]x>ssess atomic weights diff<*nng by about 2 units, for the mass of the lilx'rattKl 
/i-partieles is too small to afTect the result ap]mM-iahly. .\ctual ilelerniinationa of 
the atomic weight of lead from thorianite (largely Thtg ami from jiio-hlileude (tho 
uranium mineral, irniiurc UjOJ have Is'cn carried out, and the value for lead from tho 
former source (using Ceylon thorite) found to lx* 207 H,» and for that from the latter 
source 205 1. Tho ri'sults liavo lx‘en chc<kcd and eonlirnied by wvcral different 
workers,* so that it doe.s apix'arto lx* tiue that lead <Ieriv(Ml iluring long ixriods of 
time by the disintegration of uranium has an atomic weight lower by nearly two 
units tiian that of lead obtained by tho dismtegralion of thorium. The lead in both 
cases is quite indistmguishahlo from eonimon lead IkAIi eliemirally and as ix*gards 
its spectrum in light-rays and in X-rays. These two vanetios of lead have Uxn 
called “isotoixs,” that is, elements having the “ samo place” m the ixiiodic table 
and the same atomic number (from faos “ equal ” and roiro% “ space ). J ho U'rm has 
also now come to lx applied to all such eases, such as the ihrtx nitons, ami thorium 
and ionium. In the latter eas<*, if we add 4 foi a helium atom to the atomic weight of 
radium 226 4 (the change really occurniig in the reverw* order), we obtain 230-4 for 
the atomic weight of thorium, whereas the atoinie weight of thorium is usually 232-4. 
An ordinary sixcimen of thorium yielded 232-1, at the Hame^imc as a determination 
was made in a specimen containing 30 ixr cent, of the ionium isotoix which afforded 
the value 231'5. Hence, ionium would apixar to have an atomic weight distinctly 
lower than that of thorium. Yet thorium and ionium are chemically and sixctro- 
acopically indistinguishable. 

Tibse results indicate, firstly, how much more important is the aUmiio number 


i A stiU later result for thorium lead obuined by Honigschmid, using Norwegian 
thorite from Langesundfiord gave the value 207 90, the highest value yet found for lead. 

» Richat^m his address to the American Association for the Advancement uf 
Sdonofi, December 1918, gives further determinations 

0btM% at Harvard as follows : For ordinary lead 207 20 ; for pun* uramum-denved 
kSTSoe-OO; for radio active W mixed with 25 cent, of ordinary le^ m d&. 
SS^hmid’s result for pure uranium lead, 206 05, agrees remarkably well with the 
^hS^rvard result. Similar (parallel) determinations with the five metals^ 
^r,^ver, sodium, iron, and nickel-wh ^nved from different sources, showed 
aSs^itoly no difference in the atomic weight of any one of the meUls. 
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th»n the atomic weight, which latter may slightly vary for the isotopic varieties when 
inch are known ; and, secondly, they clear away the great puzzle as to why there 
were apparently no places in the periodic table for any but three of the radio-active 
elements, radium, actinium and polonium, for the places are really there, namely 
those already occupied by the elements with which they are now shown to bo isotopic. 

The atoms of uranium, radium, and thorium are so big and complex as to dis- 
integrate because of lack of stability. The disintegration in the case even of radium 
is slow, 1600 years being required for the decomposition of the half of any given 
quantity of radium, and it is incapable of being either hastened or retarded by any- 
thing man can do. Radium itself appears to have been produced by the still more 
exceedingly slow decomposition of uranium, the element possessing the heaviest 
known atoms and the highest atomic number, 92. Indeed, radium is only found in 
association with uranium. After a portion of uranium has been carefully purified 
it soon becomes again radio-active and .slowly disintegrates into radium. The decom- 
position proceeds in a series of stages, successive atoms of helium, eight in all, being 
evolved with different degrees of facility, the end result being as just explained a 
peculiar kind of metallic load, the isotope of ordinary lead. Lead is accordingly 
invariably present in radium-uranium minerals. The changes may l)c represented 
by a kind of genealogical tit'o as follows : 

One atom of uranium 

I 

Three helium atoms. 

One atom of ra<lium 

^ ^ One helium atom. 

One atom of emanation 

I \ 

Four helium atoms. 

One atom of lead. 

This is undoubtedly a transnnitation of elements, but it is a natural and not 
an artificial one ; transmutation of any of the chemical elements by man, in the sense 
understood by the alchemists, ha.s not yet Iwcn achieved. 

The similar disintegration of thorium occurs by loss of six atoms of helium, and 
affords the isotopic lead directly. Thus in all radio-active changes so far known 
there appear to bo only two ultimate products, helium and lead. During the dis- 
integration of all three of these naturally transmutablc metals, uranium, radium, 
and thorium, radiations akin to X-rays are given forth, which in the case of radium 
have been already alluded to as the y-rays. They Iwar away such of the colossal 
energy of disintegration as is not manifested as heat. 

As these remarkably processes are not capable yet of Ix'ing effected by human 
agency, a chemical element may still Ihj defined os ‘‘ a substance which has not yet 
been decomposed artificially,” and on atom as “ the smallest particle of such a 
substance, inferred from physico-chemical behaviour” (Prof. Theodore Richards). 
Dalton's laws of definite and niultiple combining projKutions apply without exception 
so long as the atoms of uranium, radium, or thonum remain intact, just as all 
other elements. Indeed, the atomic theory is more securely entrenched than ever, 
neither Dalton’s nor Avogadro’s generalisations being in the leAst invalidated by the 
new facta of radio-activity. Common lead, uranium load, and thqnum lead all afford 
precisely the same chemical reactions, and fractional crystallisation or precip^tion 
furnish no foreign ingredients. The atomic volumes of the elements and the refractive 
indices of Iheir salts are all identical, and even coujfies composed of wires of common 
and isotopic lead afford no thermo-electric current although there is a difference of 
® more than a unit of atomic weight between them. A slight difference in the speolim 
• has, however, been observed, the principal line of lead derived from Australiaa 
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oamotite having been observed by Aronberg to bo displaced 0 0043 A.U. from ita 
position as afforded by ordinary lead ; the statement has been conffrmed by T. R. 
Merton * for lead from thorite of Ceylon as compared with ordinary lead. 

W, Clarke has suggested that whereas uianium and thorium lead are the result 
of disintegration of heavier atoms, ordinary lead may be the product of a far earlier 
synthesis or evolutioaof lead from smaller att>ms. An even more probable explanation, 
however, is that ordinary lead of atomic weight 207 is a mixture of lead of atomic 
weight 206 derived from uranium with lead of atomic weight 208 derived frt>m thorium. 
These two forms of lead would account for the whole of the facts now known. In 
the far remote ages, when all the matter now conKtiluting the earth was liquid or 
gaseous, “ without form and void,” and undoubtedly in violent agitation, a thoixnigh 
admixture of vapours wouUl occur, including those of the isotojws of lead. The 
only method which offers any promise of w^itartition of the two iHoto}>e8, when once 
mixed, apy)eara to be that suggested by Richards, najm'ly, fractional diffusion, which 
is conoemed with the only known difference, the weight or mass of the atoms, 

Uranium-Y^, isotojiic with Uranium-X, and ionium in the thorium place in the 
periodic table, is the first mcmlsT of the ac tinium series. This substance uranium- Y 
gives a /^t radiation, and its product must l)c the clement in the ekatantaium plai'e 
(atomic numlier 91), and be isotopic with bn‘vium (uranium-X,). A further a-ray 
change would connei't ekatantaium with actinium. Now it is interi'sting that this 
new element, ekatantaium, has just Iktii inde^Muidently isolated from ])ito!iblende 
by 8oddy and Cranston and by Halm and Mertner, the latter workers calling it 
proto-actinmin. Its isotojie brcvium is a hoisdcssly short-lived substaiuH\ It is 
hojicd that suflUiciil ckatantahirii will Im‘ obtained to is'rmit of confirmation of its 
atomic w'cight, ami to enable its com]s>unds to Ik* ])rcpar«‘d ; it should, moreover, 
in turn, allow of tiu* jinqiaralion of nctinium in adequate quantity. 

Further Details from Latest Researches concerning the Structure of Atomi. — 
From a careful review of the more n*<eiit work of Sir dosejih Thomson and Sir 
Ernest Rutherford on the nucleus, and of the latest memoirs of Holir, Barkla, 
Sommcrfcld, llebye, Vegard, lx*wis, l.niigniuii, and others, it woul 1 apfK'ar that 
there is a general conscnsiiH of agn‘cmciit on the following lines: The atomic 
nueleuH corres]K)n(ls in its positive charge to the atomic numb<*r, and as rt'gards 
its mass to the atomic w'lught of the element. Suci-chhivc elements in the 
jioriodic table arc distinguished hy the increment of one electron in the oute^rmost 
ring or shell, until a iieriod is com]»leb*d and a new ext4*mal ring or shell begins 
to be formed. The nuclear atom is thus a miniature wilar systr'm, the i egative 
electrons oeeu]»ying the atomic volume by their orbits, or by the shell anrfaoes on or 
about which they arc in more limiU‘d motion, around tln’ relatively excessively minuto 
positive nucleus, when'in the mass is e(uieent rated and which consists of or contains 
the integral numlxr of positive charges ex]»reKsed by the atitnie nmnlj<*r and by the 
number of negative surroumling electrons. The fact that the system is a very open 
one is proved by the observation that w'hen an a-]>nrtiele yienetrates an atom, that is, 
enters the system, it is yiraetieally unch*fle< ted out of its path except when it yiasiioii 
very near to the nucleus, when i^is vii»lently swung out of its path. Thus mass and 
raciicAu;tivity relate to the nucleus of the atom, whereas the chemical and physical 
character and spectnim are deterniiniHl by the y>lanptary electrons, the chemical 
proyxjrtics largely by*tlic “valency” electrons in the outermost orbit or shell. The 
atoms of all the elements from helium to lliioniie pfissess a first nucleus-enveloping ring 
or sh^ of two negative electrons, the exreptional atoms of the first element hydrogen 
having only one electron. He^nning with the next element after helium, namely 
lithium, a second outer ring or shell of ele< Irons is added, consisting oi from one 
to sev^ electrons as we pass along the |M*riod-series of elements from lithium up to 

‘ Xaiure, 1919, 104, 93. 
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fluorine, one being added for each step in atomic numlier, so that, with the inner ring, 
the total of negative electrons ccpials the atomic numlxT. At neon, according to one 
interpretation of the results, the added electron goes to the inner (first) ring, which 
from now onwards iioswisses three eloctM)ns. The outer ring or shell of seven elec- 
trons is ])reservcd intact as a complete second ring, from which the L-series of X-radia- 
tions originates. As the K-series of X-rays eorresiionding to the inner (first) ring 
originates by the transference of an electron from the second ring to the inner ring, 
it begins to be observed from sodium onwards. According to another interpretation, 
however, the electron added to ])roducc neon forms the eighth of the outer ring 
or shell. Coni inning th<' process, at argon a third ring or shell is completed, of eight 
electrons, ami this ring contributes to the L-radiations (often separately distinguished 
as /-radiations), and these licgin to be observed with potassium. Next, a fourth ring 
or shell of electrons is comjileteil by the time nickel is reached, and this contains ten 
eli'ctrons (there being three elements now in (!roup V'lll.), and this is known as the 
M-ring. 'I'his is followed by the formation of a fifth ring or shell of eight electrons, 
bringing us to kiypton, and the ])roce 83 is then refloated from kry^dou to zenon, by the 
formation of a ten-ehs-tron ring or shell (rubidium to])alladiuni) and an eight -electron 
ring or shell (silver to /.enon). The next four elements, ciesium to cerium, are also 
])roductHl normally, the external vahmey system when we arri\e at ccriiim consisting 
of four electrons. corres]Mmding to tiu' tetradic chaim-ter of that element. From 
now until th(i tare earths are completed, this I'xtcrnal system appears to be ke])t 
intact and tlu' new electrons added go to produce a lu'W inner ring or shell, which 
is conipleti'd with the last of the rare earths, after w'hich the new electrons are added 
in the normal manner. 

The accom])anying table is gi\en by Vegard ' as showing the ]>rocess of evolution 
after hydrogmi and helium in a \ery clear manm‘r. by indicating tlie number of 
electrons in the outermost (surface) ring or shell. The horizontal senes (lie nods) of 
elements are numbered consecutively, and these numbers in the fiist column indicate 
how many rings or shells tlu're are in the atomic structure, including the first (inner- 
most) ring of two or three electrons immediatelv next to the nucleus and the outer- 
most or surface ring or shell in (paxstion. the number of (>le<‘tronH in which, indicating 
its degree of com])leteneHs, is given by the figures at tlie head of the \ertical columns. 


Taulk of DrsTiinu TiON of Ki.kctuons in Atoms. 


No of ttliura 
ill tlie Atom 


\ limiter ol IMe< lions In the surt.ue Itinu' 



1 

2 

3 

4 

.*) 

r. 

7 

8 

9 

10 


Li 

Re 

R 


N 

n 

V 

Nc 



3 

Na 

Mg 

A1 

Si 

p 

s 

t'l 

\r 



1 

K 

(’a 

Sc 

Ti 


o 

Mn 

1m> 

Vo 

Ni 

0 

f 11 

Zn 

Ca 

( M’ 

.\s 

S(» 

P.r 

Kr 



11 

Rb 


\ 

Zi 

Xb 

Mo 


Rii 

Rh 

P.l 

7 

Ag 

t'd 

In 

Sn 

SI. 

'!'<• 

1 

Xe 



S 

(V 

l^a 

l/i 

(V* 

'I’a 

W' 


(>s 

Jr 

in 

9 

Au 

llg 

'I’l 

in. 

Ri 

Ru 


Km 



10 


Ra 


'I’ll 


V 




iy 

* .\t cerium there 

comes a rest 

for two w 

bole periods covering the whole 


of the rare earth element.s, the formation of whicli ap]H'Urs not to occur 
by the addition of electrons to the outer surface ring, but to the inner 
Htructure ; with tantalum the ordinary procedure is resumed. This accounts 
for the remarkable and \ery similar character of the rare earths. t 


All tJirough the pioccs.s of evolution, accordiig to one version of the theorj’, 
besides the structural electrons there art' the external roving valency electrons, which 
determine the chemical and electrochemical }»ropcrt.ie« of the elements, and these are 


^ Phil. Mag., 1919, 37, 238. 
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probably oonnectod in some way whielj enables them t*. art together as a system. 
It would api>ear tinneeessary, howe\er. to imagme these ns e\trn t'leetrons. for the 
very fact that the outer ring or .shell of ele.itous is mpahle of riMiig to K m numbiM- 
renders it probable that the existence of less than S is tlie caus(« of the \aleuc> and 
other chemical jiroiiortics displayed b> tlw' atoms of th#- difTi'rxnt clemenls. 'Ihus 
carbon and silicon, for in.stance, ha\ing 4 ehs irons 4>nl> m their outei sli.dl. lan 
combine with 4 otln rs fr.mi the atoms of am»ilier element or oilier elements. I'liioime 
and ehloiine having 7 eh'ction.s can each ( ombine with one other Neon and aigon, 
on the other hand, liaxing no vaeaneics but possessing the full possible' nmnbet of 
S eleetron.s, will ha\e no power of ebeinnal eoinlunation The numliei ot elections 
in the outside ring would thus appear to he that . oin'siH.iidui!.' to the “ i onlraxah lu y ’’ 
of Abegg. It has heeti pre\ lously smjgested that tiu' tirsf or ms ond nun fioin the 
niieluus gi\es tlie K-senes (piohuhly h\ the passnge of an < lei liiui from the sei iUld to 
the first ring), the second or thud hhl' tin' b senes, and tie' thud or fomth iing the 
M-seiies of X i.oliations \lso, theie is gKiiind fm Is-liex mo 1 hat the niu lens itself is 
eoneerned with X-iadiation, for a new senes of \(r\ high fie<|iiene\ , higher than that 
of the K-.seiies, ha\e lieen diMo\eied h\ Ihuklaand teimed the .1 senes Thi'V proh- 
ably originate from the high sliced eh‘( t tons w it Inn the nin h'lis Koi (heie aie leasonK 
for belie\ing that tin' ]iosiii\e t hargi' I'oi res]Minding to the atonin’ niimber is a net 
]iositive <'liarg(', and not the total, and that a small pait is neutralised hy negatne 
cli'ctrons m the actual stiuetuie of the ntn leiis itself Tie' \ei \ iM'in’l tal mg ■) rays also 
arise from these nm lear ('h'etrons Indeed, the new .1 senes fonii a link hetweeii the 
y raysof radio-aetne suhsfanM's.md the K 'enes of \ ia\s, IntlnTtnlhe highest seiu's 
of .X radiations known. 

Tlie ehara< tei 1 st le X-radi.ilions nf tin \ iuious < lenn n( in the ]ieiiodn’ m'Iics mni 
se((Ueil( e are thus iliie to tin' sin t e^s)\ e imgs o| shells of in’L'atne ehn t nnis siiiiouinling 
the posilivi* niieh'Us, the wa\e lengths heioming the shoiter and the rays (he niorr' 
pi'iietrating as (he nin h'Us is )i]ipioa< In-d 'I'ln’ nllri ]m netnitiiig ') tn\H have heen 
separated into tliri'e series, known as K,. K .. and K.,. tin' oidei heing that of diminish- 
ing ])cnetrating power, the most jiein’t tal ini' having the most ionising powei Tiny 
may turn nut to Im' analogous to or evui identieal with fin* three senes of X rays 
reflected by crystals, indf'i'd, has alread\ In-en identified with the a liin' of the 
K-Ron('s of eharaeteristie X ra<liatious of Imniulh Tin* shoitest wavi's y 1 ohserved 
are oontaini'd in ( he 7 -rays of radium Ctscc p.igr 77<tl \ttnm]its to detect still shoiter 
rays by the ery.stal retln tion method have not ,sue< reded, ])osMhly heeause the crystal 
grating is unahle to resolve wavr's so small in fompariMUi with (In* grating H])ae(’s 

It is very infeiesting that each iiiu' or shell -4 mgative tli’ctrous is not only jx'i- 
sisti'nt as legards the number of ele< tion', g t ontam'-, as the moie < oinjiln ated elements 
are a])]»roa< lied, but is also ebara< teriserl hv a delmite (juantum of energy reijuired 
to dislocate it by the removal of an electron |)eb\e ha^ .shown that the ijuaiit- 
Miiinher for the ting next to the nm h ih is inie, fr,r (he ne\( (wo rings (the L and / 
rings) it is two, arnl for the M ]i.iir of seins g is three It is now* mrleerl definitely 
]K)S8ible to state that eneh *’le<tron posM'ss<-H angular nnimeiitum r»u>r" equal to 
nA/2T, where ui IS the mass (»f the ele< troii. m its angular velo« it v. h is IMain k's constant 
(seepage 7(U), r is the radius of the orbit, ami n is the (|uan( numU'r, an integer of 
ever inereasing value as we ])ass outwards fiom ring to nng 

Prout’s Theory Vevived. -Ib-fon- leaving (Ins mlerestmg subject «»f the genesiM 
or evolution of tlje ehemieal eli’iiients, refen n< e should be made to a suggestion of 
W. Harkin.s,^ made in the full light of all tin- lereut woik, that the elements aie 
intra-atomic compounds of hydrogen, a lemaikable reversion to the early tlujoiy 
of Prout. The suggestion is fbtt bvilro/e-; first Iwsonies brlium, and IlufI Ibis latter 
then ^cts as a Kecfindary unit. The '»! elements other than h\drogen then fall into 

* Jtfuni. .Iwier. Chrin. Sor., |ni7, -V*, Hr»0; PhyM Her , 1(t2d, 77, 73 
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two HtricH. Those havini^ oven atomic numbers are built up of helium atoms, their 
pjoneral ff)rmula l)eincr wHe. Those having odd atomic numbers are built up in 
accordance with the general formula nHe+Ha, 

I'heso are intra-atomic, not chemical, compounds. As regards the three atoms 
of hydrogen in the odd-element formula, the question arises, Are these really 
three siqiaratc atoms <»f hydrogen, or do they represent a new element of 
atomic weight 11 ? It has lM*en sugge.sted that the latter is correct, and that 
the sujqioRcd new clement nebulium discovered in the nebula^ may be the 
elcnumt in question. Tins nebular sulistance has lx*en subjected by interference 
means to nn atomic weight determination by ('. Fabry and H. Buisson,‘ 
the result being 2 7, and it is suggested that this may well really mean 3, having 
reference to the meiely apiiroximate nature of the method. On the other hand, 
hoW('V('r, a later atomic wiught determination of the su-jiposed nebular element 
nebulium by .1. \V. Nicholson^ has afTordeil the value Mil. The fact that so much 
definite evidence of the truth of Moseley’s atomu' numbers has now aeeumulated, 
and that those numliers leave no blank between hydrogen and helium for such a new 
element, renders it v»Ty unlikely, however, (hat nebulium is a new element at all. 
In (his event the II, must refer (o three atoms of hydrogen. Moreover, Aston has 
adduced evidence that II, has only one ehaige, ami is (herefoie an isotctpe of 
hydrogen itself Also Wendt and laindaiier* have produceil an active form of 
hydrogen which is piobably lf„ by high tension discharges in (leisslcr tubes at a 
pressure of 2 to H cm. 

'I'his thcMiry of Harkins is in accordance with the manner in which radio-active 
elements disintegrate. 'Phe periodic .system expresses the variation in the arrange- 
ment and numb('r of the external electrons, especially the \aleney electrons of the 
outer shell, which determine the chemical and physical properties of liie clement ; and 
is not concerned so much with th«' stiuctiire of the nucleus but only with (Ik* amount 
of its posit i\<' I'haige. 'Phe hydrogen-helium system relali's, on the contraiy, 
cs])ecially to the stiuctUH' of tin* atomic niich'us, and this affects the relative stability 
and natural abundance of the eleimmt.s. For if helium weu' foinu'd fnmi hulrogcn in 
an early stage of the nebular evobit ion, there would be but lelatively little hydrogen 
available as IF,. In this conneetioii the reniaikabie and much discus.sed woik of 
I'ollie may be mentioned, for it would now appear to be substantiated that he hasjuo- 
duced small quantities of helium and neon by a iioweiful discharge in vamium tubes 
of which the residual filling-gas was piiie hydiogen 'Pho etfeet is most clearly seen 
in the eom])osition of meteorites, w'hicli are free from the secondary effects occurring 
on the earth. Now in meteorites the elements of even atomic numbers on the average 
are seventy times more abundant than the odd-numbered elements. The first seven 
elements in order of abundance are all even numbereil, and make iqi 98-78 per cent, 
of the mati'iial (97 t> of, stone meteoriti's and 99 2 of iron meteorites). The highest 
jtercentage found in meteorites of any odd-numbered element is only 1 .'>3, and all the 
fixe yet unknown elements (either on the earth or in meteorites, tho.se mi.ssmg from 
Moseley’s list) are odd ones. Many othei facts, such a.s that isotopes of even-numbered 
elements are more numerous than tho.se of odd-numWred one.s, and that the former 
undergo disintegration more readily with emission of d rays rather than /^i-rays, ateord 
with this hyilrogen-helium hypothesi.s, and predictions made on it.s basis have all so 
far been remarkably xeritied. The final eoncluMon of Harkins ik' that the hydrogen 
nucleus is the jiositive electron, ai d thus the ultimate elementary atomic unit as 
imagined long ago by Front. ^ 

As an addendum to his second memoir (1920) Haikins gives the results of his 


‘ Ashophifs. Jotirn., 1914, 40, 256. 

Uoy. Astron. Hoc. Monthly Satires, 1918, iS, 349. 

® Journ Amer Cheni Soc , 1920 42,930 
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latest determinations of the atoinie weight of chlonne, and Ins exiKTimental Hotk 
would apj)oar to indicate that he has f!cj)arated ordinary olilonm* int<' two isotopes. 
If this Ik? eontirmed it will W the first exiK'riniental separation of an element into 
isoto[K’s. 

Aston and Rutherford’s Remwkable Results - \ow K. W. Aston ‘ in the y«'ar 
1919 had <Ievis('d a speetiomaph which produces a .'<jH‘ctrum (a kind of mass 
spectrum) for poMti\e rays, and fioni the I'e.'.ults of analyses of many <tf the elements 
eondueted \vith it he eonelndeil that chlorine ihtes consist of Ino isotojM's, of atomic 
weights 3.1 and 37. I'lirther, that m'oii also is coinposrsl <tf two iscUopes, of atoinn 
weights 20 and 22, and that mereiiiy consists of at least thrcs* and ]»ossil>ly IInc imo- 
to[>e.s. fn the two later meim'irs (15)20) he fnillu'r shows that. Imtoii has two isotopes 
of atomic weight.s 10 and 11. ''ilieon two of atomic weights 2S ami 29, hn'inine two 
of 79 and SI, argon two. \enon li\c, and kixpton no less than si\ isotopes (7H Stl) 
t)n the other hand, a eoiisuleiahle nninluT of atomic weights rcdidi'iinined hy his 
method tuined out to he whole integers .iiid the clciiwnts single, eonipiising m* 
isotopes, the atomic weights of caihoii. nd logm, and owgen, foi instance, heiiig 12. 

1 t, ami Itl (‘\a< t ly, and thox* of phosphoins, sulphur, and ars<-mc hemg 31. 32, and 7.''» 
]esp(?ctiv('l\ H(‘lnini .ind Ihioime .iie smil'Ic elements of atomic wi-ights 4 and 19. 
Hydrogen is a pure clement iim isot 'pcs) nl atomic wmght. 1 <HiS. the only atomic 
w'cight not an mtegi.il whole nninhci, of citln ra puic <>lem(*nt or an isoloiH*. 

Prof. Kddingfon, m his .iddic.s to Scttion \ !il the P*2t) .Meeting of the Hiitish 
Association at Caidilf, stated th.it .\s|,in's icsults lea\e mi doubt that all the elements 
ari' eonslitnted of liMlrogen atoms hound together with negative electrons. Hit' 
nucleus of tlu' helium atom, for iii'-tams . consists of four hviliogin atoms hound 
with two ('lections 'I’he .itoiim wceght ol hvdiog'ii heing I OOS (when <) Hi) and 
t hat of helium j list 1. 1 heo' is a h's.. of m<is^ i f one p.irt m 1 2t' o< i ni ring in the suit liesis, 
the detcit heing the elei tin -il eiii'igv ^( t ficc in the 1 1 .ilisinut at mn 

In hi > latent niciiioii {T/ul Mu'i . I‘)_*(i, /d. (Ijs). siipph niented hy a note m 
(I5l2i). Ilffi, IfiS) < ominunu .iting the values foi iodine, whuh juoves to he a 
pule ch'ineiit. \>ton ''i\(s tin* t.iiiie on the follow mg page, w Inch im hides all the 
element s w liK h ( an e.isilv Im mt rodm < d. ml o hi" .i)’pat.it iis foi ohi ammg mass spei’t la, 
in thetoiniof gn"es ot ).M"» Ills ( omiiomid" He h.i" sim e given m another noli- ni 
XaliiH' (Mar. h I5)2I, Hi,, 72) tin re"iilts hu tie fom alkal. metals Sodium and 
ciesintn jiiov c to he "ingle tno s it i|ies'. of .itoinie w( ights 23 ami 1 33 , w hile jiotasKium 
and riihsdium aie found to I e . m h fomp.Md of two isotopis, of atomic wiughts 39 
and 4 1 , an I So and K7 

'I'he apparatus ul. vnixd /Vo/ l/m/ . I't2ii. .'(9. (Ill) with wimh these wondeifiilly 
iiitcrcsling results ^lave lain ailiieved ioiiii"l" of an airangement hy which positive 
rays are sortcfl into an < Miernelv thin iihhon hv nnaiis of two jairallel slits, ami then 
sfiread into an eleitiie "p<(trum hv imaii" of two . h.iig'cd^ilatt ", A ]ioition of tins 
sj)cet rum, d(‘tle( ti-d t hioiigh an angle i) , i - "t 1. > t ed hv <i diaphi agni. aii.l jiassed het ween 
the cin ular poles of a powerf'il < h < tfoinagm t. wImh heiids the ravs hm k tlirongh 
the angle '2iK li.iys h.ivmg a <(m"t-int ma"S tlnn (onverge to a fo( us on a jilmto- 
grajihic ]>late which is pho ed yi tli.n path, and wimli thus receives what may he 
terrffed a mas.s-sja’. 1 1 uin. 'I’he whole arrangement is shown m t he upper jiart- u of hig. 
.593u, and an enlar).g’meiit, of the more iiitiKate middle jiortion m the lowi'r part h of 
the figure. On the right is the disi h.irg( tuls* It. an ordinary X-ray hull) 29 cm. in 
diameter, w«(rke»l.hv a large P.ulmikoitf * oil 'I In* amxje \ is of aluimmum rod 
3 tnuj. thud;, snrroumled hv an iiisuhil.d .iluimmnm tube, and tlu- (omuve alnrmmum 
eathodfj (,' 2-~i em. wide is fiit<'«^ m the ne' k of tin- hnlh, a small siiiui h^lh J) being 
placed opposite to protect the other r-ml the hnlh from fusion hy Ihr* ealhode rays 
coiiee^trated thereon hv The X lay hnlh a* I" as its «iwn leeldicr. Die rlelails^ 

‘ Nature, l!H9, H)t, 393; Phil Ma<i , 1929. ,'iV, 419 ,iii<l 911, and 1929. 10, 92H 



CRYSTALLOGRAPHY 


PART III 


ns 


Table of Elements and Isotopes. 


’ Elemeut. 

1 Atomic Niiraher. 

Atomic Weight. 

Minimum 
Number of 
Isotopes. 

Masses of Isotopes 

In Order of Intensity. 

H 

1 

1-008 

1 

1-008 

Ho 

2 

3-fM) 

1 

4 

B 

5 

10-9 

2 

11, 10 

C 

fl 

12 (K) 

1 

12 

N 

7 

14-01 

1 

14 

0 

8 

10-00 

1 

10 

F 

1 ‘ U 

19 00 

1 

19 

No 

10 

20-20 

2 

20, 22, (21) 

Si 

1 

2H-3 

2 

28, 29, (30) 

P 

15 

31-04 

1 

31 

s 

10 

32-00 

1 1 

32 

Cl 

17 

35-40 

1 2 

35, 37, (39) 

A 

18 

39-88 

-> 

40, 36 

As 

! 

74 90 

1 

75 

Br 

; 35 

79-92 

•> 

79, SI 

Kr 

30 

82-92 

« 1 

84, 80, 82, 

83, 80, 78 

I 

53 

120-02 

1 

127 

X 

54 

130-2 

' r, 1 

! 1 

129, 132, 131, 

134, 136 

Hg 

80 

200-0 

(1 (1!)7-2W), 

\ 1 202, 204 


of the moimtiriK of (J will bo cloar from tho lower part 6 of tho figure, E being a brass 
(’ollar cementx'd by wax, which is kept cool by a cold-water pipe of copper G, The 
gas to bo analysed is admitted through a side tube at Q attached to tho outer tube 
F, and a similar side tul)e opposite connects to the exhausting pump. The air-tight 
cathode (!! is pierced with a 3 mm. hole, coned out at tho back to admit the first slit 
S|. A brass plug H comes next along the brass tube, and is similarly pierced and 
coned and fitted with the second slit Hj. Tho two slits are O Oo mm. wide by 2 mm. 
long, and are adjusted strictly parallel. The space between them is kept exhausted by 
charcoal in tho side tube Ij. 

Tho spreading of tho ribbon of rays formed by the slits into an electric spectrum 
occurs between tho two jiarallel flat brass surfaces Jj, .T„ 5 cm. long, held 2-8 mm. 
apart by glass distance-pieces ; the lower surface is cut from a cylinder filling the 
tube, and is connected to the latter and to earth. Tho upjwr surface is that of a plate 
which can Ikj raised to the dosin'd yiotential by a storage battery. The plates are 
slojKjd at 1 in 20, halfvthe angle of slope of the mean ray of the spectrum to be 
seloctod by the diaphragms K, and K^. tho lattf'r of which is mounted in tho bore 
of tho stojKiock fj, tho rotation of which enables tho ay)©rture to bo varied to any 
desired extent, and to cut off the camera N altogether during plate-changing. After 
leaving the diaphragms the rays pa.ss Iwtween the ^ole-pieces M of a large electro* 
magnet, and thence, after deflection by the magnet, to the camera N, a bras^tube 
0 cm. in diameter. On entering they pass between two vertical yrarallel plates 
thenco tlmrngh a slot 2 mm. by 12 cm. cut in a cross-plate at^chod horizontally to 
the upper edges of the i)lates Z, to the photographic plate W, a 2 cm- strip cut length* 
wise from a 5 by 4 inches plaks supported above and just clear of the slot-platf. To 
enable this sensitive plate to be moved exactly over the rays issuing from the slot a 
kind of lifty-tongs gripper of the plate-earrier is provided, worked from outside 
means of a toixyue-rod V. A small willemite (ZnjSiOi) screen Y is provid^ near 

* the camera end, and a glass window in a cap P, for inspection purposes, closes the 

• camera and completes the apparatu.s. 
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To pbotograph a mam apoctrum the aenaitive plate ia eiet dried i» tweo. asd the 
whole appamtua exhauated by the pump, while the atopeoek L ia open. The ohareoal 
hotr'^e^’l^t'*- Vn ‘ '*‘»P'“'ka and immcraed in liquid air for an 

through the magnet, aufflceiit to canae the bright ajKit duo hydrogen moleeulea to 
app^r on the wllonute aereen Y. where it can be aeon lim.ugh \\ Then the m to be 
analyaed .» aUowed h, leak m, and the pump and mduet.ou roil am atariH to get 
the d'lmhaigo X-ray bulb into the derired atate. ,« then earthed and the aenaithe 
plate W moved int.. iwaithm over the slot. The magnet eurrent la then linallv 
^juaW, J, raia^ to the deainul potenlial. and the ei|a,Mire .lartni. It mav vary 
from 20 seconds in the ease of the hydrogen liiiea to half an hour, The plate niay then 
bo moved auffioiently for another exposure to be made, and there is I'.Hmi on’ it for 
SIX such oxposuR'h to be made sucoc.swvcly. The i»oKiti<iii8 of the tines of the Hjioctruin 
found on development are determined with the aid of a oomj.arstor and a standard 



Zeias scale. Each line is n piece of a leiitn ular imafre of the slit, and the f'onvex edge 
is 80 very much the brightest part that it is best r(*garded asthelinefor ineaBim^ment 
purposes. The accuracy of the position determination is tndy remarkable, being 
1 in 1000. • 

With regard to the two isotojies of « lilorine K. W. laoomis’ has obtained evidence 
of the heavier isotojw' of atomic weight '17 in the HjK'clrum of pun* hydmgen chloride 
prepared from specific souree.s, a dilicn-iicefif 10 Angstrom units having been olmerved 
for^ertain lines, compart'd w^h tbeir position for onlinary hydrogen chloride, this 
being four times larger than the fliflfen*nce fibserved by Aronls*rg for the two ist>U»j)e» 
of lead. ^ 

Sir Kmest Rutherford, in his Ilakeiian Ix'cture to the Koyal Kts iety • in June 
1920, announced that he had actually hr«»ken down the atoms of nitrogen by 
bonibarding them with a-particles, ami that an isotofa* of helium of at-f>mie w'eight 
3 had been driven out as a r^ult. He cftneluded that these helium atoms of maaa 
3 and carrying two units of positive clectiic charge are thereffire eonstiRlents of the 


Vv.i,y,.gi 1H20. WS, 180. 


• /Vor. StK., 1920, 97, 374. 



780 


CRYSTALLOGRAPHY 


PART 111 


structure of the nuclei of the atoms of both oxygen and nitrogen. He had previously 
shown that hydrogen is a constituent of the nucleus of the nitrogen atom. Hence, 
the helium isotope of atomic weight 3 (which behaves like ordinary helium when it has 
gained two negative electrons) is probably itself composed of three hydrogen nuclei, 
and thus we are ff)rcod to the inevitable final conclusion that hydrogen is the ultimate 
constituent of all atomic nuclei. The helium isotope of atomic weight 3 is not so 
stable as ordinary helium of atomic weight 4, and is a constituent only of the lighter 
elementary atomn, while the heavier atoms, radium for instance, contain helium in 
the form of the isotope of atomic weight 4. The experiments of Rutherford which 
led to this interesting and important result are very remaikable. The a-particles 
were projected at high velocity through thin sheets of metal, and subsequently through 
both gaHoous oxygen or nitrogen and solid nitride of boron. Only one o-particle in 
about 300,000 penetrated close to a nitrogen atomic nucleus, but when it did, owing 
to the very intense electric or magnetic field which occurs close to the nucleus, it 
was deflected off into a hy[iorbolic orbit which it descrilicd about the nucleus. 

The Lewis-Langmuir Theory and its Explanation of Law of Atomic 
Diameters. — Anotlior variety of the theory of atomic structure as regards 
the disposition of the negative electrons has been gradually built up by the 
work of Stark, Horn, Lande, and especially by G. N. Lewis ^ and I. Lang- 
muir.^ It has been already referred to on page 715 as offering a ready 
explanation of the law of atomic diameters, according to wliich the distance 
between two adjacent atomic centres in a crystal structure is equal to the 
sum of the radii of the two atomic spheres, and which is proving so helpful 
in unravelling the more comjilicated ty])es of crystal structure by means of 
the X-ray spectrometer. Instead of moving in co})lanar ring or other orbits 
around the positively (diarged nucleus, as a.ssumed in tlie Hohr-Sommerfeld 
version, the electrons are supposed to be either stationary or to rotate, 
revolve, or oscillate about fixed symmetrical (with a cubical tendency) 
positions, being distributed in three dimensions in a series of approximately 
spherical shells surrounding the nucleus. The successive shells, when com- 
plete, and therefore of maximum stability, contain 2 (innermost shell), 8, 
8, 18, 18, and IV2 (outermo.st shell) electrons. The chemical properties of 
the elements are supposed to depend on the endeavour of the elementary 
atom to surround itself with a more stable arrangement of electrons. 
An electro-positive element is one the atoms of which give up electrons in 
doing this, and an electro-negative element one the atoms of which take 
up electrons. The maximum po.saiblc stability (completion of shell) 
is attained in the argon family group of elements, for which the structure 
is as under : 

Helium —a nucleus with 2 positive unit charges, surrounded by a 
shell containing 2 electrons. * * 

Neon -a nucleus of charge 10, surrounded by an inner shell containing 
2 electrons and an outer shell with 8 electrons. 

Argon — a nucleus of charge 18, surrounded by 3 shells containing 
respectively 2, 8, and 8 electrons. • 

Kr^ton— a nucleus of charge 36, with #4 shells containing 2, 8, 8 , 
and 18 electrons. 

* Journ. Amer, Chem. »Sw., 1916, 3S, 762. 

» Ibid., 1919, 41, 868 ; Nature, 1920, m, 261. 
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Xenon—a nucleus of charge 54, with 5 shells of 2, «. 8, 18, ami 18 
electrons. 

Niton a nucleus of charge 86, with 6 sIicIIn cont^iiniiig n'NiHHiivelv 
2, 8, 8, 18, 18, and 32 electrons. 

The elements nearest these inert gases in the jH'ritHlic table revert 
most easily to the stable inert gas form of outer sin'll, espeeially, for 
instance, the alkali metals and the halogens. The undt*rlving idea is 
that, as regards the elements as far as just past argon, the eli'ctrons of 
the outermost shell tend to form an octet, and to occupy the corners of 
a cube, the chemical activity of elenienl.s other than the inert gases neon 
and argon being due to some of the cube corners being unoccupied. In 
the case of helium the two electrons are supposf'il tf) lie svminetricallv 
in a plane with the nucleus, their movement being clockwise and anti- 
clockwise respectively, in this plane and with ecpial velocities; at a 
certain stage, however, they arc cau.«od to retrace tht'ir |>aths by 
the repulsion of a neighbouring electron. Two distinct tyjs's of 
chemical combination are rendered ]>o.ssiblc. One typo is e.\i‘m])lirn‘d 
in potassium chloride, a case in wdiich the activity displayed is very great. 
The potassium atom, of nuclear charge and number of electrons H), 
corresponding to its atomic number, is suriuunded by tlirc'c shells exai'tly 
as for argon of atomic number, etc., 18, together with one extra electron, 
the 19th. Chlorine, of atomic number, etc., 17, has the two inner shells 
like argon, but only 7 in the third outer one, one less than the stable 
arrangement. When jiotassium and chlorine atoms (ombine it is beeauso 
the chlorine atom absorbs into its system the extra electron from the, 
potassium atom. Both atoms are now i urroundeii by stable argon shells, 
but their nuclear charges of ]>ositive electricity bmng 19 and 17 respectively 
and not the corresponding 18, as in case of argon, then* will be a resultant 
positive charge of one unit on the pota.sMum atom and one of negative 
electricity on the chlorine atom. The electrostatic attraction of these 
charges holds tlie molecule together. The outer shells also exert some 
repulsive force on one another cujfable of hohliiig the atoms apart, so as 
not to penetrate within the spheres to which r<*fercncf* has been made, 
and the diameters of which are those measured by the X-ray spcctroineti'r, 
although the attraction w’ould cause tbe.sc spheres^of tlu^ two atoms to 
come into contact. The nuclei, before this attraction is consummated, 
with their stable argon shells, may be considered as tlie monovalent 
ions (kations and anions) of [wtassium and chlorine r<'«pectively. Indeed, 
LaB|;muir regards the crystal of sylvine as an assemhlage of potassium 
and chlorine ions arranged on a cubic space-latticii. In sujijiort of this 
part of the theoi^ it may be mentioned that Debye and Scherrer have 
obtained evidence that an electron has actually passed from the lithium 
atom to the fluorine atom on the formation of lithium fluoride, the case 
being one of monovalent e^inents similar to that of jiotassiuij^ chloride 
just explained. Considering next an instance of polyvalent combination, 
say the divalent case of calcium sulphide, for example, the calcium atom^ 
loses two electrons and the sulphur atom gains two, in reverting to the 
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stable argon form of outer electronic shell, the resultant charges being 
correspondingly twice as great as in the cas^ of potassium chloride. A 
noteworthy consequence of this double charge is that the increased 
attraction between the atoms causes all the dimensions of the structure 
to be reduced. 

The second tyjK; of chemical combination occurs when two electro- 
negative elenicnts combine Both atoms now have fewer electrons than 
correspond to the stable system, and complete their outer shells with the 
stable number of electrons by sharing one or more electrons in common. 
In the cases of sulphur dioxide, SO 2 , and carbon dioxide, COg, for instance, 
the atoms complete their outer shells of 8 electrons by sharing the suit- 
able number of electrons with their neighbours. 

As pointed out by A. K Oxley this sharing of electrons often (and 
especially in the more complicated cases) will occur in pairs, as suggested 
by Langmuir, from magnetic as distinguished from electrostatic reasons ; 
and it is to be expected that the electrons will thus be drawn into a space- 
pattern, characteristic for each molecule, the symmetry of which will be 
reflected in the crystal symmetry. 

In the case of two electro-negative atoms combining, they are situated 
closer in the structure than electro-positive ones, because of their sharing 
of electrons, the spheres representing them having consequently small 
diameters. An electro-positive atom does not share electrons, in its outer 
shell, with neighbouring atoms, and is therefore further separated from 
other atoms and thus occu]>ies a greater space in the structure. 

In the cases of the electro-positive metals, in the free crystallised state 
as elementary substances, they ])robably consist of jiositive ions with 
inert gas shells, held together in the metallic crystal by the additional 
electrons, which have no flxed position, and are free to move under an 
electro-motive force and act as the conductors of electricity ; lienee the 
good electric conductivity of metals. 

The fact that this Lewis-Langmuir version of the atomic structure 
theory so admirably agrees with the results of the investigations of crystal 
structure by X-rays renders it especially interesting and important to the 
crystallographer. It will be obser\ed that the arrangement and number 
of the shells and of the electrons contained in them are in agreement 
with the table of disl^ibution given on page 774, provided the fourth and 
fifth rings of the table are taken as together making up the Lewis-Lang- 
muir fourth shell, the sixth and seventh rings their fifth shell, and the 
eighth and ninth rings their sixth shell. Also this version requires no 
additional suppositions about valency electrofls, the number of elections 
in the outer shell, com[mred with that of the complete shell of the inert 
gas, determining the valency in the determination of the chemical pro- 
perties of the atom, as above described. The completeness with which 
it explains the facts, both chemical and crystallographical, is the most 
satisfactcijy feature of the theory. • 

The author does not regard the Bohr-Sommerfeld and Lewis-Lang- 
•muir versions of the atomic structure theory as essentially conflic1:>ing. 

1 Nature, 1920 , 105, 327 . 
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It rather appears to him that as regards the jmrts in which they differ, 
while the latter version admirably expresses tlie facts for the ordinary 
and relatively low temperatures, and especially for the solid state, when 
electronic motion is a minimum, the former version may not be far from 
the truth fot high temj>erature8 and the incaudescent-light-jjroducing 
state. Indeed it is to be anticipated that the two versions wnll eventu- 
ally be so correlated and combined as to afford a comj>lete theory of the 
structure of matter for all attainable tein|>eratures. 


It has been essential to explain thew* wonderful new facts in brief form in this 
book on Crystallography, in order that the neiessary material may Ik* here available, 
on which to form a correct impression of the ])resenl iKisition of the cheniicO‘])hy8ical 
borderland, with which the crvKtallof'raiiher is e\er in contact, rarticularly inter- 
eating is the fact that Pniut’s hypothesis that all the elements Hn> jMilymem of 
hydrogen, may now be brought uj) to date as an actual law, by statuig that tlie 
atomic weights of all pure (without isot(>iM*s) elemenls. and t*l the separate isoto|K’a 
of all those elomenis which arc compohcd of two or more iM.toiH's, are wluOe (integral) 
numbers when oxygen is taken as Iti (hydi'ogen being 1-()C8). Kspeeially striking 
to the crystallographer is the bi‘autiful manner in whieh .Mow'ley's law n^garding 
the atomic number explains the regular crystal log rapine progn'ssion whieb has been 
shown by the author to occur in isomorphous st-ries, such as the rhombic aulphatea 
and selenates, and the rnonoclinie douhl.* sulphates and «>lenatc>s with m 

accordance with the progression of the atomie iiunilK'rH of tin* inlerehang(*able 
elements. For the n'gular ineivase in the mas,, of the utoinie nucleus, as the evolution 
from more and more hydrogen nuclei progresses, (orrt*sp<mding with the rise in the , 
atomic number, and the addition of two rings or shells (or one larger b'wis-UngmuIr 
shell) of electrons each time, when one mlenhangeablc element, Ik* it the metal or 
the sulphur, is rej.laccd bv the next one higher (two iH-riod-senes higher) in the 
family vertical grouji of the |)cri(Kbc table, is Imund to have just the very efTcet in 
regularly modifying the moridiological and optical pro|KTlH*K of the crystals whieb 
the author has shown to occur. Why .Moseley's law should so iK*rfeclly exiilain this 
crystallographic phenomenon could not have Iktu rendered <har witlmut giving a 
brief account of the facts which have now been laid kfore the n uder. 

The Zeeman Effect. — A further very lemarkahle phenomenon whieh ovokwl 
much interest when first announced was the discovery of the doubling and 
tripUng of many of the bnght lines in the spectra of the elemeriis, under the 
influence of a powerful electro-magnet, the - Zeeman effect, so called m hi.nour 
of its discoverer Prof. P. Zwnian of AmsK-rdam. If the light radiations winch corre- 
spond to the bright lines forming the sin-ctrum of an element in the gasiums stale 
are due to the vibrations of the atoms themselves as sm h, both the jdienonien.m of a 
soectrum of bright lines and that of their duplication under the agency of a magnetic 
fidd are weU-nigh incomprehensible. Hut if the vibrations are due to the orhiU l or 
other moUons of the electronic cori>uscles. in rings, shells, or groups or sing y according 
to complexity of the atom? not only do we see why a nurnlier of lines should 
constitute an elementary spectrum rather than a radiation of a single wave-length, 
but also a most beautiful explanation is at once forthcoming f.ir the duplieation of the 
Unea when the gas is under the mfluem-e of a magnetic field It ap|>ears to be clear 
from Zeeman’s researehes, that a particular orbital or other motion of an clec^on 
rives rise to a specific light vibration, producing waves of a definiUv length, which 
’ wrrespond to a single bright liae in the spectrum ; and that the maj^^ic fo^ln 
thl&SLn experiment affects the motion in opporite parts of the orbit m an opporite 
manner in ono^ accelerating and in the other retarding the motion, thus producing 
two other bright lines owing to the sUght change of frequency of the vibration* in 
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the two directions. Those two new lines, one close on each aide of the position of 
the original single line, and oorrofqK>nding to enhanced and diminished frequencies 
respectively, do not necessarily entirely replace the ordinary single line when the 
magnet is excited. For, as Zeeman has also shown, the original line may persist, 
although less brilliantly; for the vibrations produced by the parts of the orbit 
parallel to the magnetic lines of force remain unaffected by the magnetic field. Many 
important contributions have btH)n made to our knowledge of this beautiful Zeeman 
effect, notably by I.»orentz, Larmor, Preston, Fitzgerald, and Michelson, the latter 
of whom has applied exquisite interference methods to its elucidation. They unite 
in showing that the vibrations productive of the light-waves in the other, which give 
rise both to the new and to the old lines— that is, both when the vapour of the chemical 
element under examination is under normal conditions and when it is under the 
influence of the magnetic lield are the vibrations of the charged corjmscles, of the 
outer rings or shells of negative ele<;trons surrounding the atomic nucleus, or the 
oscillatory alternation of their electric charges or of the magnetic effect which may 
accompany their movement ; the period of any ])articular light-wave corresponds 
doubtless to the frequency of movement of the electron, or to the frequency of 
oscillatory electrical altcniation ac<om])anying the movement, which produces it. 
Wo may assume with Michelson that an ellipse is the most general form of the path 
of such a vibrating electrically charged coqniscle, and, as this can he resolved into a 
plane and a circular vibration, that we obtain a })lanc ])olariscd and a circularly 
polarised ray. Again, the plane vibration may Im> considered as due to two oscillations 
in a circle, one clockwise and another anti clockwise, and these two are op]» 08 itely 
affected by the magnetic lield, one being accelerated and the otlu'r retarded. As the 
position of a spectrum line depends on the period of the light vibration which produees 
it, the position of the line will be altered in two oiqiosite senses by the magnetic 
field when the current is ]»asHing through the electro-magnet, and doubling of the line 
will result. The original hue ^lersists, as already mentioned, on account of vibrations 
which occur paralh'l to the lines of force remaining unaltered. This original central 
lino is plane polarised at right angles to the jilane of ])olarisation of the tw’o outer 
linos, which are duo to vibrations in a plane iM'riK'iidicular to the lines of force. This 
fact can bo readily verified by means of a Nicol prism, cither the middle line or the 
two outer ones extinguishing when the Nicol is at 0® and vice vcisd when it is rotated 
to 90°. 

Summarising in the year 1913 his researches of 1808 and 1897 in the light of more 
recent work Zeeman states : ^ “ If a luminous gas which gives one or more sharp 
lines in the spectrum is immersed in a magnetic fichl, many of the lines are resolved 
into doublets or triplets, the number de^iending on the lUrection m whicli the light is 
examined. In a directimi parallel to the magnetic lines of force (axial to the magnet 
polos) we got two, and ir\|a direction normal to the magnetic force (eipiatorial) three 
components. The lines of the doublet arc circularly jiolaristMl in opposite directions. 
The lines of the triplet are linearly polarised, the light of the middle line being polarised 
normal to the line of force and the two others in a ])lane parallel to the line of force. 
When the linos of force run towards us the right-handed circularly polari.sed component 
has the greater iieriod.” Ho further states that these ex})erimental facts are ^ite 
indepondent of any theory, but that they agree perfectly with the theory of Lorentz, 
and the last fact mentioned indicates that the sign of the chafge of the electrons 
is negative. The relation r/m, charge to mass, of the electron, worked out to be 
of the large order of magnitude 10’. 

Zeeman used a powerful Riihmkorff electro-magnet, and the light was analysed 
by a Qonca# Rowland grating of speculum metal witff a radius of curvature of 10 feet 
and 14,i38 lines to the inch. The first spectrum was the one observed in the ^arlier 

• ‘ Reaearches in Magneto Optics^ Macmillan’s Science Monographs, 1913. 
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expeiinuaits, bul Uter ikluo the Moond order ipec^m wm oaedt a miotOQieter eyopbcw 
being employed ; the itit wae placed near the 8onroejo£.light>Hi Buneen dame impreg- 
nated with common salt sprihkJed on asbestos — which was burning bet^n the two 
magnet poles, these being only f mm. apart. An electromagnet with pieroetf po)e« 
was employed for the longitudinal effect, and the sodiwm lines were observed in this 
axial dirootion. Between the grating and the eyepiece were placed a quarter undula- 
tion mica plate (or a Fresnel rhomb) and a Niool prism, in order to quench the rigid- 
handed circularly polarised light. Besides the Rowland gratings, RubstH^uent researches 
showed that the Alichelson inierfertmioter (see Figs. 900 and 911) and the echelon 
spectroscope of Miohelson (Fig. 5936, page 787). ora Fabrj- and lVn»i otalon (Figs. 912 
and 012a), or a Lunimer-(lelm‘ke parallel plate ( Fig. 59.V, jwige 787), may be employed 
to effect the resolution and analysis of the doublets and triplets. When the resolving 
power is not as extreme as is afforded by these beautiful methods of analysis, only a 
widening of the siiectnim line is observed, but the alternate widening and narrowing of 
the lino as the magnet i.s rapidly alt<'riiat<‘ly aetuated and switelied off is very cjearly 
and decisively marked, f«»reach tif the WMlium lines, for instam'e, the observation Ixung 
axial through the liole.s for the loiigitmlinal effect, and equatorial for the normal 
effect, with the magnet turned round IMt' in the horizontal plane S4) that the lines 
of force are pt^qM'ndiouIar to the lino joining the slit and the grating. In the axial 
position the cin iilar polarisation of the edges of the widened sodium line is readily 
recognised, and in the equatorial position the plane jKilarisation of the edges can be 
plainly distinguislied, the circular orluts lieing imw WMm on their edges. The change 
is exceedingly small, occupying a region randy gn*ater than <K)<KX)001 mm., 
undetected in fact by an ordinary HjK»<‘lrosi’ 0 ]K‘, a resolution Is'ing nMjuin^d wlUeh 
exhibits details a hundred times more delicate than the difference In-tween the two 
sodium linos Dj and l)j, which is only OtXXXMKMl mm. (t3 Angstnim units).’ Using 

I/ird Rayleigh’s formula for the resolving imwer R of a grating, run R (where 
n is the total numlnr of niled lines and m is the onier of Hiiectnim), a sjiectroscfqMi 
having a resolving jKiwor of .>9,(KXt just resolves two lines wparated at a distance 
, USOth of that Ix^wtHui the I) lines. A resolving p<iwer of KKK) just rosohes the 
sodium lino into the doublet (D, ami I),,). This resolving jiowcr R is not deiiendent 
on the number of lines per inch, but on the total nunilx-r of ruled lines n constituting 

' the grating. The normal width of the hIp according to .S huster is where X is the 

wave-length, / is the focal length of the lolhmator obje.4 tivc, ami D is its diameter. 
The normal width gives a punty of siioctrum only 1-4 js-r c<‘nt. less, than the maximum 
possible, but a doubling of the normal width of the slit lets in 7 of impurity while 
doubling the light (increasing It to alsml half the maximum ismsible intenwty). 

The largest Rowland gratings of .5 or fl inches by 2 or J inches stroke, having 
20,000 ruled lines to the inch, afford a restilving jmwer of 100, (XK) with the first order 
spectrum, and this soparaU-s doublets only I /100th of the distance ajiart of the two 
1) linos. The concave gratings require no leiistw, the slit, grating, and phoUigrajihic 
plate being all the apparatus required. These fine gratings are ruled on concave 

Angstrom unit (wntten A.U.) is O OtXXKXU mm., that is, one ten-millionth of 
ft millimetre ; it is shortly expressed as 10-^ mm. or, as it has recently come to jxj 
more conveniently written, in view of its direct application in this birm to the 
dimensions of crystal structures as n*veale<i by X-ray analysis, 10 * cm. For the two 
eotfiom lines Dj and D,, for instance, the Angstrom units are 5890 and 5890, their 
WftVe-Icngths being 0*000.5896 and 0 (XJ058tH) mm. A very convenient rule to remem- 
ber is that 10-*, when expre8se<l%s a fraction is I over 1 ff»llowed by n ciders ; and 
when expressed in decimals is 1 in the ath decimal place after the point, preceded by 
(ft~i)ttiphets in the other places. Ho that, for instance, 10^ cm. ==,86,^1* o<(a cm. 
»0*00000001 cm. 
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reflecting surfaces with a radius of 3 to 6 metres, the lines being equally spaced along 
the chord of the grating. The grating, slit, and camera are best arranged adjustably 
on the circumference of a circle, the radius of which is half the radius of currature 
of the grating, the latter and the slit being about 120° apart. For then all the orders 
of spectra are sharply afforded on this same circle, and the spectrum lines of the 
second order occur at the ])uBition diametrically opposite to the grating and spaced 
proportionately to their wave-lengths. 

Michelson has devised a new machine with which he has constructed a grating 
9 inches long by 4 J inches stroke, having 1 10,000 lines in total, and with it has separated 
the two components of the green mercury lino, which are only l/150th of the distance 
of the D lines apart, lint his tine.st achievement is the echelon spectroscope, composed 
of a series of 30-33 glass plates (of refractive index 1-58 for green mercury lino) of 
iwrfcctly equal thickness (7*8 mm.), placed in absolute (pressed) contact and stepwise 
arranged, each being shorter or longer than it.s two neighbours by a definite amount, 
and with it Michelson has reached a resolving power of 280, OOt). The light is trans- 
mitted almost normally, and whereas one part traverses a gla.ss plate on its way the 
other travels through air only, and the diffei-ence in velocity gives ri.so to a difference 
of phase. For each plate the retardation i.s about 7800 wave-lengths. Each aperture 
ab may be con.sidered to correspond to the line a|ierturo of a grating. With this magnifi- 
cent instrument, which IS shown as constructed by Hilger in Fig. 593f/, with a diagram 
below illustrating its action, Michelson discovered that many lines regarded as single 
are double or multiple. The hmI line 0438 A.U. of cadmium, in fact, was the only 
line examined which proved to bo truly single, although more recently the yellow 
lino 5852 A.U. of noon has ]>roved equally unresolvahle.^ It reveals very clearly 
the doubling and tripling of the line.s m the magnetic field -the Zeeman effect. 
Either by the echelon af)ectrosco}>o or the interferometer the “visibility curves” 
of numerous lines of many elements have Imhiii determined, the compo.sition of each 
lino under ordinary circumstancoa, ami the t^qio of its resolution under the influence 
of the magnetic field, having lieen studied in great detail. In the meantime Zeeman, 
working with the second order sjiectrum afforded by a Rowland grating with 
14,438 lines to the inch, had re.solved a large number of well-known siwctrum lines 
into triplets and doublets. The zinc lino 4880 A.U. affords an excellent example 
of triplet resolution (see a in Fig. r)93d). 

Another device for effecting high resolution, the resolving power In'ing about 
200,000, is the Lummer-Uchreke plate, shown in Fig. bOSc. It is a parallel plate of 
glass, in the form provided by Hilger 130 mm. huig, 15 mm. wide, and 4J mm. thick, 
the essential surfaces of which are worked very accurately plane, and are used 
unsilvered. The light from the source in use, say a mercury lam]>, after traversing 
the collimator and dispersing apparatus of the 8j)ectrosco]K', is allowed to fall obliquely 
on the Lummer-Gehreke plate, when it is internally reflected to and fro in the glass 
a considerable numlK'r of times, a portion of the light emerging each time. A very 
large difference of path is thus effected between the extremes of the various rays 
eventually entering the telescojio of the spectroscope, and a correspondingly very 
high resolution thus attained, the principle being similar to that of the Michelson 
echelon, the Lummer-Gehreke method effecting the object, however, with aSiipgle 
plate instead of a series. In order that the plate may be used as a direct vision 
apparatus, a small prism is cemented on one of the sides at one end, in the manner 
indicated in the diagram below the picture of the instrument in Fig. 693c ; the incident 

' T. R. Merton (/Voc. Roff. Soc.^ A, 1920, 197, 307) has examined the red and greenish- 
blue lines of hydnigon, C(Ho) and F(H/j), with an- echelon grating of 36 plates each 
16*085 mm. thick and with a grating step of 0*83 mm. Ha was found to be a sharp 
doublet, perfectly resolved, one component being twice as intense as the other ; the 
two lines were 0*145 A.U. apart. H/i was only resolved when the hydrogen tube was 
surrounded by liquid air, and the two lines were only 0 093 A.U. apart. 
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light is then reflected into the plate at a favourable angle, and the rays emerge at 
the other end from the other side with only a similarly slight lateral displacement. 
Fig. 693c shows the latest form of Lummer-Ohrcke plate, supjwrted on (he 
Hilger wavedongth sjjectroscope (with constant deviation prism as disiMrsiiig 
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apparatus), in the same manner as the Fabry ajnl Fend eltilon is shown arranged 
in Fig. 912u. 

The Liimmer-tichrcke pla(<* is particularly useful for <lemonstratlng the Zeeman 
effect with vacuum tub<‘s or the mercury lam]». A small ehn-tro-magnet on an adjust- 
able stand, wdth ])olo pieces adjustable from actual contact up 1^) a w‘paration of i2\ 





Fia. 593<r.— The Lummer-Gehrek© Plat© an«l Diagram of Its Vcllon. 

mm., is specially providerl for the purpose by Messrs. Hilger, and rc^juircs a current 
of only three amjieres. The sepsfstion of the spectrum lines into triplet^ etc., is 
very c^riy effected. A shutter eyepiece fitted with a double imago ]»rism is also 
provided^ by means of which the line under observatmn can l>e isolated, and the 
components polarised in the horizontal and vertical planes separate*! and observed 
nde by side suqpnltaneously. 
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Further work by 2^man, sA, well ae by Biiohelson, showed still more complex 
resolutions. Thus the zinc line 4722 A.U. has been resolved into a sextet, and the 
green mercury line 5461 A.U. into a nonet, nine fine lines close together at equal 
distances, like interference bands. Fig. 593d shows at a the resolution of the zinc 
line 4680 A.U. into a triplet, at b that of the lino 4722 A.U. into a sextet, and at e 
that of the mercury green lino 5461 A.U. into a nonet. At d the figure shows the 
two mercury yellow lines 5770 and 5791 A.U. resolved each into a triplet, and the 
rectangularly different linear polarisation of the two outside lines on the one 
hand and of the middle line on the other hahd in each ease is indicated by separating 
them by moans of a double image caleite prism into two sjwctra one above the 
other, the vibrations in the one spectrum being horizontal and in the other 
vertical. The llilgcr ap])aratus illustrated in Fig. .593c enables this to be achieved 
quite readily. 

The theory of Lf)rentz, which not only explains those beautiful phenomena of 
spectral resolution into doublets, triplets, sextets, and nonets, but also to a certain 
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extent actually prodicted]that they should occur, supjwses that all electrical phenomena 
are dependent on th^ configuration and motion of the electrons, and that light 
vibrations are vibrations of the electrons. The charge, configuration, and motion 
of the electrons completely determine the state of the ether. When the electrons 
perfonn their motions in a magnetic field, they experience forces which cause the 
variation of the period and therefore the widening (as soon under a low resolving 
power), doubling or tripling, etc. (as seen with 'extreme resolving power) the 
spectrum lines, and the circular or linear ^jolarisation of the edges or of the 
separate lines of the little resolved group. The electrons in the atoms of a flame, 
in vibrating, being electrified, excite electromagnetic vibrations in the ether, c<m8titnt> 
ing light when of sufficiently small period. The period of the electrons in the atoms 
determines the position of the lines of the spectrum, and to every variation of tiie 
peiiod <<{> the vibrations there corresponds a shifting of the spectrum lines. The 
electromagnetic force is the product evH of e the charge of the electron, its velocity v, 
and the magnetic force H. If the electron be charged negatively, as has beeli proved 
to he the case, the electromagnetic force is directed eastwards in the usual arrangement 
of the Zeeman experiment. ^ * 
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Now ail tho motions of the electrons in the ato^ of a flame can be decomposed 
Into three simple motions, just as if there were three groups of obctrons vibraUng in 
these simple ways only. One simple motion is parallel to the lines of fortic, and the 
magMtic field thwfore does not affect it. The other two simple motions are circular, 
clockwise, or anti-clockwise, in planes normal to the lines of force. If tho motion of 
the negative electron be right-handed the two forces are opposed and a reduction 
^urs, with corresponding lengthening of the i>eriod ; if it bo left-handed tho two 
forces ate added, and the period thereby shortened. The light caused by the circular 
motion is also linearly iwlarised when tho orbits are obsi-rvod sideways. Thus we 
get linearly Harised light with iKTiods (times) T - «T and T f 6 T,* vibrating at 
right angles to that of tho light with the iHuiod T. llenco we obs«.rve, instead of a 
single lino, a triplet, with components jMdarised as already stated. This is the trans- 
verse effect. If we dtial with tho longitudinal effect, obtained when observing axially 
through tho holes in the magnet ])oles, tho light einitttd being now parallel to the 
lines of force, the light splits up into two cotnixmonts T - 6T and T f S'[\ both of whieli 
are circularly polarised, the one riglit-handod and the other hdt-handed. Thus all 
tho phenomena an' accounted for by this theory <if I^»rent/.. 1 ’ho jimof that the 
electrons we are dealing with in light vibrations art' negative and nut positively 
charged is afforded by tho facts that when the lines of force an' din'cted towards us, 
and the motion of tho electron is clockwise, the jK*nod of n'volution is increased if 
the electron bo negative, but decn*ast‘d if ixisilive, and that the former was what was 
actually observed. 

Spectral Series.— A very iinjwrtaiit fact which has emerged from the siwctroscopic 
researches of recent years, is that the spoi tra of many cheinieal elements consist of lines 
which are so closely connected as to Is'loiig toaserie.H, the fretpiencies of all the lines of 
the series being capable of expression by a deliiule mathematical formula. It was first 
discovered that this w^as so by Balmer in the year IHS.G for hydrogen, the well-known 
bright lines of wliich, the red Ila (C), grociiisii-blue H/:f (K), violet H 7 (near (1), etc., 
being expressed by the formula : 



in which n is tho reciprocal of the wave-length or number of waves in a eentiniotre, 
No is tho number 100,(57.'), and m represents the successive whole numbers 3, 4, 6, 
etc., for tho three linos, etc,, above rcs^K-ctively sjiocifiod. 

Balmer’s formula is only valid for hydrogen, but Jiydlx-rg found another generally 
applicable formula for the line series of many other elements, which is : 


where A is the limit of tho aeries, N„ is again 100,07.7, and /x is a constant, usually 
a fraction. The constant 109,075 is very remarkable, and is known as the Rydberg 
constant 

Tl^ different series of the same element are called the Principal Series, tho Diffuse 
Series, and the Sharp Series ; for generally there are thrive series, su]>er)>osed, in 
the ordinaiy spectrun^ The limits (limiting lines) of the diffuse and shaqi seriei are 
idbnrioid, and differ from the limit of the principal scries by an amount equal to the 
wave number (number of waves per centimetre) of the first lino of tho principal 
series. 

Now it is particularly interesting, os showing how the lines of a sorieq^Iong to 
on intimately related set or group behaving in common, that Preston discovered that 
for mijselement all the lines belonging to the same aeries exhibit the same reaoiu* 
tioo. into triplets or doublets, etc., under the influence of the magnetic field, ti|at 
if, they exhi^ exactly the some Zeeman effect. Not only is tho resolution for 
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the different lines of a series similar, but if drawn to the scale of the frequencies it 
is identical. 

As regards the spectrum of the first element of the periodic system, hydrogen, 
if wo take a hydrogen vacuum tube at random wo shall probably find that it affords 
two superposed spectra, the well-known primary one (red C line, greenish-blue i line, 
and violet line near 0), and a secondary spectrum composed of hundreds of faint lines, 
some of which show banded structure. Narrow tubes, such as the convenient H -shaped 
ones (see Fig 890) with capillary horizontal tube connecting the two broad vertical 
limbs, or strong discharges, favour the primary spectrum, affording a deep red glow 
in the capillary ; wider tubes with weaker discharges, on the other hand, exhibit 
best the blue glow of the secondary 8])ectrum. Scaled tubes deteriorate rapidly, 
as regards the primary 8i>cctrum, owing to the evolution of gas from the electrodes, 
in which it had been occluded, and the addition of a largo reservoir bulb consequently 
prolongs the life of the tube (see Fig. 720, to the right). The lines of the primary 
BiKictrum come closer together and decrease in intensity, in accordance with Balmer’s 
formula, as wo pass from red to ultra-violet ; and all the lines behave in the magnetic 
field in the same normal way, affording triplets or doublets according as the observa- 
tion is equatorial or axial with respect to the magnet polos. As rt'gards resolution 
of the lines themselves under ordinary cireiimstanci's (no magnetic field) tlie red line 
C and the greenish-blue line F have been shown by Michelson and also by Merton 
(see footnote on page 78(1) to be very close doublets. 

The Balmer formula for the hydrogen spectrum was subsequently derived also by 
Bohr from his concejition of the hydrogen atom, a n^latively massive but very minute 
nucleus positively charged, and a single electron, negatively charged, in orbital motion 
around it. The electron may revolve in any one of certain specified orbits known 
(os in astronomy) as “ stationary states,” and m doing so radiates no light. But 
when it comes under the influence of the electric discharge the electron is removed 
from the nucleus, and on its return it jumps from one stationary state to another, 
and in doing so radiates definite amounts of light energy, whicli determine the 
frequency and therefore the position of the spectrum lines. At any instant a given 
atom only contributes to one line ; but the summation of all the radiations from a 
largo number of atoms affords the whole senes of lines of the element. 

Helium affords six series, namely throe -(a principal, a diffuse, and a sharp scries) 
of close doublets, including the imiiortant yellow lino Dj 6876 A.U. in the diffuse 
series, and also a similar three scries of single lines. Now the helium atom has been 
shown to bo a doubly positively charged nucleus, of four times the mass of the hydrogen 
atom, with two electrons revolving around it. Moderate discharges only detach 
one of the electrons, and the ordinary spectrum of helium is given when this retunis 
to the system. Stronger discharges, however, detach both electrons but only one 
returns, and this is accompanied by the exhibition of a now line 4086 A.U., first 
discovered in the spectrum from a single helium tube by I/jckyer and Baxandall. 
It was thought at first to be due to some form of' hydrogen, especially as it is also 
observed in the ring nebula in Lyra and in the star f Puppis. But Fowler has shown 
it to be entirely due to helium, of the secondary spectrum of which it 4 ^orms 
a prominent lino ; to distinguish this form of helium with only one returned electron 
from the ordinary heUum with two, it has been called proto-helium. 

The spectra of many other elements have since been tackled in a similar systematic 
manner, and the meaning of the different series of lines has been connected with the 
structure of the atoms of the elements concerned. The law that the lines of the 
same seriip are similarly affected, as a whole sot, by the influence of a magnetic field, 
has been fully substantiated throughout, and the fact that electrons are negatively, 
^ and only negatively, cbaigod has been proved over and over again. Moreoter, the 
beautiful work of Moseley, referred to in some detail at the close of the last chapter, 
as regards the high-frequency X-ray spectra, has formed a perfect cfstinuation of 
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the atory, and has shown that while the outer rings of electrons surrounding the 
nucleus of the atom are responsible for light vibrations, tho more deep- waited elect- 
rons are responsible for X-radiation, and ho has connected the frequencies with tho 
structure of the atom by proving that the constant N in his formula, nuninding one 
of Rydberg’s constant Nq in his light radiation formula, is actually the ex])ression of 
the amount of tho positive charge and of the a<‘tual numlK^r of electrons in the atom, 
as already fully described. 

Summary of Conclusions as to the Nature of Light as eluoldaUd by Rtoent 
Discoveries. — The explanation of the Zeeman phenomenon and of the s|>ectral series 
would thus ap]>oar to have aiTorded tho key to the n'lation of tho new diMcovorics 
concerning the structure of tho atom to light. At the cml of tho first i>art of this 
chapter wo had amvinl at the ooncliiNion that (he vibrations producing light waves 
wore similar in kind, although much more minute as rcgaitls wave length, to those 
producing electromagnetic waves, in the biiino medium, llio ether, and that tho vihra* 
tions were duo to rapid oseillatKm of (ho elect ri<’ftl condition of the atoms. We 
have long known that tho atoms of oa< h chomii al element jtrodiuo a spoeilie 
sijoctrum of bright lines when the element is in (ho mcandesceiit gaseous states 
and it would now npjiear that each line is due to some ]>articular orbital motion in 
tho nature of an electric oscillation, on thi' ]>art of a ncgati\<*ly eh'ctrilicd oorjiusclo 
or electron or group of corpuscles or olcctions, jirolmbly llioso chiclly which form 
tho outer rings or shi'lls surrounding the positively electrilied nucleus of tho atom. 
Tho inference is obvious, that tho whole speelruni of the gas is due to the electric 
oscillatory impulses of the corpusdes or electrons comjiosing llio outer ramjiarts of 
tho atoms and therefore that the eoqmsolcs i.i electrons are concerned in and are n'ally 
tho authors of the >ibrations of light which we attribute oi Woe to tho atoms. Tho 
real nature of tho impul.ses wo do not yet know, whether they are jiurely electrical 
or also connected with tho physical nuncment of the negati\ely oloctrified corpuscles, 
or, as would apjiear most ]irobable, to both combined, lint wc are on absolutely 
sure ground in concluding that the corpuscles or electrons surrounding tho nuclei 
of tho atoms are the ultimate cauw; of the production of light waves, and that tho 
X-rays, of very much shorter wave-length, originate from the rings or shells of electrons 
nearer to tho nucleus and the sln^rtcst even possibly from within tho nucleus itself. 

It becomes clear to us now why (he Mbrations of an atom do not produce light 
of a single wave-length, and consequently a single line in the sjxx truin, but rather a 
numlicr of such lines. For, lieing a eomjilex itself, its j»artH, the charged electronic 
corpuscles or electrons, or their groupings about the nucleus, are tho authors of tho 
seimrato radiations of monochromatic light, the whole Ixurig the siieetrum of the atom. 
There is thus opened out to spectroscojiy a inagnilicent further held for investigation, 
which is sure to result in suiqilying us with moro accurate kifiwledgo of tlio strueturo 
of the atom, tho actual inode in which tho eloclronic-corpusclcs or electrons aro 
arranged about the nucleus, and the nature of their orbital or more circumscribed 
motions. In this splendid w'ork the eo-nperatiuii of X-ray crystallographio analysis 
will be of the greatest value and importance, as revealing the conditions in the solid 
stat%at the or^ary temperature ; and the most recent results already achieved, as 
described in Chapter XXXI IL, would ap|»ear to indicate that fascinating and far- 
reaching developroerfts are to lie exjiected in tho near future. 

It is for theses important reasons that it has been felt necessary, in tho interests 
of a clear understanding of the present exceedingly interesting position, when a new 
world, a new state of matter, is opening before tho scientific worker, to review the 
salient facts, which are now thoftughly established, and which cannot fall to have a 
profound bearing on the future both of optical and of X-ray crj’stallography. 



CHAPTER XXXVI 

LIGHT WAVES AND THEIR PROPAGATION 

Characteristics o! Light Waves.-— The wave-motion, or wave of rapidly 
alternating electrical condition, with which we have to deal in the case 
of light, presents the following characteristics : 

(1) It is energy and not matter which is propagated. 

(2) Each element of ether simply oscillates, either bodily or most 
probably as regards its electrical condition, about its position of rest or 
its state of equilibrium, at right angles to the line of propagation. 

(3) Through the etluT of space the velocity of propagation is the same 
for waves of all lengths, and in all directions, namely, 185,400 miles per 
second. 

(4) Through the ether about a material transparent substance, which 
is homogeneous, and either non-crystalline such as glass or crystallises 
in any of the forms belonging to the cubic system of symmetry, the 
velocity of juopagation is the same in all directions, but only for waves 
of the same length. 

(5) Through the ether about a homogeneous material transparent 

substance which crystallises in accordance with any of the systems of 
symmetry other tlian the cubic, the velocity not only differs for 
different wave-lengths, but varies with the direction according to 
definite laws, hereafter to be di.scussed, dependent on the type of 
symmetry. « 

(6) 111 the ether about a transparent substance which is not homo- 
geneous. the velocity varies irregularly in different directions. 

Terminology concerning Light Waves.— A graphical representation of 
such wave-motion is given in Fig, 594, with the important proviso 
that it must not be taken as implying that motion of ether paSides 
actually occurs in the precise manner illustrated, in accordance with the 
older form of the undulatory theory ; but rather that «uch a diagram 
is intended to convey to the mind the idea that some change of a 
transverse directional character periodically occurs in the ether, probably 
as a rafTidly alternating and oscillating change of electrical polarisation. 
A diagram is essential in order to explain clearly current terms regarding 
a wave and its parts. 

In Fig. 594 a straight line of ether elements at rest is^ represented 
792 
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by the line ABODE of small dotted rings, and the same series in 
wave motion by the wavy line of solid black dots AFCGE. The wavy 
line AHCKE of continuous rings represents a similar wave-motion of 
the same particles but in an opj)08ite phase of vibration, correspnding 
to total interference, extinction, and will be referred to later in this 
chapter. The direction of motion of the ])artioIes is in all cases transverse 
to the direction of propagation ABODE of the wave, and is indicated by 
the dotted vertical lines. The arrows indicate the direction of motion 
of the particles rej)resented by the solid black dots, along these vertical 
lines. Let u® supjwse the motion to originate at A Each }>articlo 
moves like a pendulum, \vith diminishing velocity, to one of the 
limits of its swing (indicated by the lower end L of the vertical dotted 
line), in a direction (that of the arrow on the vertical dotted line) 
transverse to the original line of jiarticles, and aftt'r a mometitary cessation 
of motion returns with accelerating velocity to its ikisition of former 
equilibrium. It is then carried by its momentum beyond this, with 
again diminishing velocity, t^) the other limit of its swing (indicated by 
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the Upper end M of the veiticjil dotted line) ; from here it moV (*8 back 
again wdth increasing velocity to its starting*]K)int, and thence passes on 
its way to make another |K‘ndulic swing. The extent of the movement 
LM from one limit to the other, is termed the amplitude of the vibration. 
It is proportional to the initial velocity with which the element is 
projectcKl out of its iiosition or condition of equilibrium, and con- 
sequently depends on the intensity of the energy whicli gives rise to the 
oscillation. The jxisition of the element at any particular instant is 
called the phase of the vibration. Lastly, the time occupiisl in com- 
pleting the vibration, that is, from the position occupied at any instant 
until the return of the sami phase in the succeeding vibration, is t/crinod 
the j^riody and its recijiroe^il the frequency, of the vibration. While 
this particle has been making its complete excursion, however, the motion 
has been comrauni^atefl to the neighlKiuring particles, one after another, 
.each of which has taken up the impulse to execute a similar excursion, like 
the swing of a pendulum, a little later than its predecessor. The result is 
that by the time the first particle A has actually wmipleted its excursion, 
the motion has been pass^^aloiig the line as far as a particle#!, which 
will be set in motion similarly, that is, with like phase, U) A, and the 
motion of succeeding particles will correspond to that of the succession 
uarticlach following A. Similarly, still further at like distances along 
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the line, there will be particles such as N vibrating with the same phase. 
The phase of motion thus repeats itself at regular intervals in a periodic 
manner. The amplitude of the vibration will naturally diminish as the 
energy becomes used up, and the wave-motion will eventually die out. 
In the case of the longer electromagnetic- waves, the amplitude dies out 
very rapidly, hence the necessity for intense energy at the origin. 

The distance between any two particles having the same phase is 
termed the wave-length. Thus AE represents diagramniatically a 
complete wave, as does also EN. 

The relation between the wave-length A, the velocity of propagation v, 
and the periodic time of the oscillations T, is ex])re8sed by the simple 
formula : 

A=vT. 

The periodic time T is too short to be determined directly in the 
case of the exceedingly rapid oscillations of light. But as the velocity 
and the wave-length can be determined with accuracy, the periodic time 
can be calculated from the equation : 

T=AM 

The whole wave disturbance can he represented mathematically by 
the equation : 

. 27r 

y = a sin {vt-x)y 

in which y represents the displacement of an ether element from its 
position of rest in the time t, a the amplitude of the oscillations, A the 
wave-length, v the velocity of propagation, and x the distance of the 
element from the origin. 

Rectilinear Propagation of Light Waves.— The fact that light pro- 
ceeds in straight lines is familiar to every one, for we invariably find 
an object in the direction of the rays of light which proceed from it, 
provided the intermediate medium is of a homogeneous character, such 
as th(‘ atmosphere, for instance, under ordinary conditions. Owing to 
the extreme minuteness of the waves of light, they appear incapable of 
bending round opai[ue objects, and consequently throw shadows of such 
obstacles as are placed in their way, on any background capable of 
reflecting the light to our eyes. This, however, is only because the 
amplitude of a light oscillation is so extremely small compared with the 
object intercepting the light ; and the phenomenon of diffraction, |rhich 
we make such important use of for the purpose of producing the 
spectrum by means of a diffraction grating, is entirely due to the fact 
that when an edge is sharp enough, or a succession of such sharp edges 
are presented, as in the rulings of the diffraction grating (see page 822) 
or the very fine striations not infrequently found on crystals and dis- 
cussed ft Chapter XXIV., the light waves can bend round it to the 
precise extent which theoretical considerations based on the wavelength 
demand. As regards the production of ordinary shadows, however, the 
sharpness of such a shadow depends on the size of the soiree of light. 
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When this latter is a point, as in the case of the electric are, the edge of 
the shadow will be quite sharp. But when the source of light is relatively 
large, such as the light from a studio window having a northerly aspect, 
the deep shadow or “ umbra ” will be bounded by a less defined “ half- 
shadow ” or “ penumbra ” 

Intensity of Light— The brightness or intensity of a ray of light is 
a function of the amplitude of the oscillation. The average energy of 
the vibration is proportional to the square of tin* amplitmle. The 
illumination on unit surface arranged normally to the direction of the 
rays and at a fixed distance from the source of light is obviously 
proportional to the intensity of the light given forth by the source. 
The sum of all such units of surface is a sphere of equal illumination, 
the source occupying the centre and being suj>|H)sed to radiate equally 
in all directions. If the radius of the sphere be altered, or the [Kisition 
(as regards distance from the source of light.) of the unit jxirtion 
actually used, the intensitjcs of illumination are inversely pro}>ortional 
to the squares of the radii of the spheres, or to the sijuarcs of the 
distances of the unit .screens from the source of light This important 
“ Law of Inverse Sijuan's " thus determines that an equal area at twice 
tlie distance from the soune of light receives only one-fourth as much 
illumination. 

Range of Wave-length of Light Waves. Just os the ear is only 
capable of |K*rceiving as sounds vibrations in the air or other material 
medium which lie within certain lower and up)K‘r limits of frequency, so 
the eye is only cajiable of j>ercciving tho.se o.si'illations in the ether which 
lie within two limits of frequency, corres|K)nding to violet and red light 
rcsjH'ctively, of the wave-lengths 4 x 10 ’’ and B x 10"‘' centimetre. 

The rapidity with which the oscillations succiaal each other in the 
case of violet light is thus about twice as great as what it is 
when red light is pr<xluced. The range of the eye is consequently a 
single octave, whereas every musician knows that the ear is capable of 
appreciating about seven octaves. But waves of greater or 1 *ss frequency 
than those of which the eye takes cognisance are reiognised in other 
ways. Those which are more rapid than the waves of violet light, and 
which constitute the “ ultra-violet ” light, are di^inguished by their 
chemical activity, or actinism as it is called. They are of great imiwrtance 
in photography on account of the energ)' with which they decornjiosc 
the sensitive salt (usually of silver) contained in the film of a photo- 
grapWe plate or sensitised paper. They probably owe this distinctive pro- 
perty^to the fact of their shortness of wave-length, whii’h enables them to 
penetrate into the*molecular structure of the chemical substancej< which 
they decomiKwe. Still shorter (even less than the one-thousandth) are 
the waves composing the X-rays, which are also photographically active , 
the wave-length of the X-rays from a palladium anti-cathode, for instance, 
i« given by Sir W. H. and W. L. Bragg as 0-584 x 10 » centirnelfre. The 
wavea somewhat longer and slower than those of the red rays announce 
themselves to our senses as those of heat, and the limit of these was form^ly 
considered.^ be reached at a wave-length of about a four-thousandth of 
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a centimetre. Rubens and R. W. Wood have recently, however, isolated 
heat waves more than a tenth of a millimetre long, and the latest, isolated 
by Rubens and Baeyer, measured 0*3 mm. We have seen, however, that 
in wireless telegraphy we now have the means of experimenting with ether 
waves of lengths varying from less than a centimetre up to very great dis- 
tances. As regards the waves which are visible and those which affect 
us as heat, there is a certain amount of overlapping ; for the luminous rays 
also exert some heating effect, and both the non-luminous actinic and the 
thermal waves are converted under certain conditions, some of which 
were referred to in the last chapter, into luminous waves, giving ri.se to 
the phenomena of phosphorescence and calorescence Also, the visible 
waves of light exert more or less actinic power, scarcely perceptible at 
the red end of the spectrum, but increasing rapidly as the violet end is 
approached. 

Colour and its Dependence on Frequency of Oscillation.— Just as 
the number of vibrations per unit of time determines the pitch of a 
musical note, so the phenomenon of colour in light is due to variations 
in the frequency of the oscillations which give rise to luminous waves. 
The velocity being the same for the same medium, and the time of the 
oscillation varying as the wave-length, colour is also dependent under 
these restrictions on the wave-length. As the velocity v differs in different 
media, howiiver, while the (*olour remains the same when light of a definite 
wave-length is employed at starting, and as also the frequency remains 
the same - that of the. vibrating source — in order that the equation 
A=t/r may still liold (T being the reciprocal of the frequency), the wave- 
length must have altered proportionately to the velocity, on passing from 
one medium to anotIuT. Hence, speaking generally, it is the frequency 
of oscillation, and not the wave-length, which det(‘rmine8 colour. It is 
customary, however, to associate the different colours with certain wave- 
lengths, but when tliis is done it should be understood that the original 
wave-length of the initial ray is meant, and, strictly speaking, its wave- 
length in vacuo. 

The velocity of light of all colours in vacuo, that is, in ethereal 
space, is the same, namely, about 185,400 miles or 298,500 kilometres 
per second. As tje wave-length is the distance through which the 
undulatory movement has progressed during the period of a complete 
oscillation, AK or EN in Fig. 594, the wave-lengths of light of the 
various colours must be related similarly to the corresponding periods 
of oscillation. The duration of oscillation is longest for red light, less 
and less for yellow, green, and blue respectively, and shortest for mlet 
light, tlie order being that of the colours in the ppamatic spectrum. 
The wave-length of red light in vacuo is about 0’000760 millimetre, 
and that of violet light about 0-000400 millimetre, or 4 x 10^ cm. Conse- 
quently, in one second a ray of red light performs about 390 millions 
of millions (billions) of oscillations, and a vi^et ray about 750 billions. 

The table on page 798 gives the wave-lengths of a few of th^ most 
useful spectrum lines, six of which — the three hydrogen lines, red a, 
greenish-blue j3, and violet y, the red lithium line, the yejfpw sodium 
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line, and the green thallium line — are those of the monochromatic raya 
which the author employs in all optical crystallographic measurements, 
such as in the determinations of refractive index and of optic axial angle. 
The wave-lengths of the double potassium red line a, just outride the 
oxygen line A of the solar spectrum, and of tlie two solar H and K 
lines due to calcium are also given as marking the approximate limits 
of the visible spectrum. The wave-length of the red cadmium line is 
included, as this is probably the most perfectly monochromatic of all 
the lines of the spectrum, no resolution into a double line having b»*eii 
observed, even with diaj)eraions transcendently liigh^ suflici(‘nt (with the 
aid of the Michelson echelon spectroscojie) to resolve most other lines ; 
this radiation is, therefore, particularly suitable for the. production of 
interference bands for measurement purjoses. The wave-lengths of the 
two dark red and two violet lines of rubidium, and also of the two bright 
blue lines of csesium, are also included in the table, the two lirat because 
of their usefulness in marking the red beginning of the visible spectrum, 
even beyond the potassium line, and the two last as being very useful 
wave-lengths in the blue. The wave-lengths of the greiui and bluish- 
violet mercury lines arc added, as the mercury vujanir-lanip is now 
much employed in monochromatic ojitieal work. The e.xceiMlmgly 
prominent yellow line of the inert gaseous element neon is now' also 
coming into considerable use, and wave-length is, tlu'ndore, added. 
This radiation is as perfectly unre.solvable as the red cadmium line, and is 
consequently of especial value in interferometry. Tin* yellow iK’lium line 
is also a useful one to work with. Both neon and helium vacuum tubi's 
are now obtainable. These wave-lengths rejircsent tln^ latest and most 
accurate measurements. 

The Determination of the Wave-length of a light radiation is gmierally 
achieved by means of the diffraction grating already referred to on page 
794, and more fully described on page 822. The actual measurements 
required to be made are those of the absolute 8j)acing d of the lines of the 
grating, and of the angle of diffraction 6 of the ray by tlic grating. It 
will be shown on page 826 tliat, if u be the order of the spectrum 
(usually first or second), the required w’ave-length A of the radiation 
under investigation is afforded by the equation ; 

uA == d sin 0. 

An even more accurate method is afforded liy the us(’ of tin* inter- 
ferometer referred to on page 800, the ex}M*rimental data r(!<|uired bi'ing 
the ♦ery accurate measurement of a standard of length, and the deter- 
mination of the number of interference bands of the nionochrornatic 
radiation in question corre8j)onding to this len^h. An interesting 
example is given in Chapter LVIII., in connection with Michelson s 
evaluation of the French metre in wave-lengths of liglit, of the deter- 
mination of the wave-lengt*s of the red, green, and blue lingp in the 
spectrum of incandescent cadmium vapour. 


[Tablk 
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Tablb op somk pRAcrricALLY Useful Wave-lengths. 


Colopr. 

Spertrom Line. 

Wave-length in 
Millimetres. 

1 Observer. 

Dark red 

Rubidium .... 

/ 3 0 0007950 \ 
17 0 0007811/ 

Kayser and Range, 1890 


Potassium a . . . 

j 0 00076991 
10 0007666) 

•• M 

„ „ 

Solar A (oxygon) 

0 0007694 

Rowland, 1893 

Deep rod 

liithium a . . . . 

00006708 

Kayser and Runge, 1890 

Bright rod . 

Hydrogen a (solar (') . 

00006562 

I Rowland, 1893 

»i 

Cadmium ft . . 

0 0006438 

j Micholson, 1902 

Yellow . 

Sodium (solar D) 

/D, 0 00058961 
\ Dj 0-0005890 / 

Rowland, 1893 

„ 

Helium ( 1 ) 3 ) 

*00005876' 

Lockyer, 1869 * 

•1 

Neon 

0-0006852 

Priest, 1911 

Green . 

Mercury .... 

0-0005461 

Kayser and Runge, 1890 

,, 

Thallium .... 

0-0005361 


Cadmium .... 

0-0005086 

Michelson, 1902 

Greenish blue 

Hydrogen ft (solar F) . 

0-0004861 

Rowland, 1893 

Blue 

Cadmium .... 

0-0004800 

Michelson, 1902 

Bright blue . 

Caesium 

f/S 0-00045931 

1 a 0-0004555 j 

Kayser and Runge, 1890 

Bluish violet 

Mercury .... 

0-0004358 

>» ff 

ff M 

Hydrogen y (near solar G). 

0-0004341 

Ames, 1890 

»l » . 

Solar G (calcium) 

0-0004308 

Rowland, 1893 

Violet , 

Rubidium .... 

r/S 0-0004216 \ 
\a0-0(X)4212f 

Kayser and Runge, 1890 

.. . . 

Mercury .... 

10-00040781 
10 0004(H7/ 

M M » 

„ 

Solar H (calcium) 

0-0003969 

Rowland, 1893 

. . 

Solar K (calcium) 

0-0003934 

i H ff 


* Lockyer’s value was 0 0005875. The mean of recent determ nations (1920) is 
0'0005870. 'fho narno helium was giv'en to the substance affording this lino D 3 in 
the sun’s chromosphere by Sir Kdward Frankland, who was collaborating with Sir 
Norman Loekyor in 1809 {Proc. Roy. Sor., 1869, 17, 350). 


Tho wavcH longer than those of the extreme visible red of the 8])ectrum 
arc known as those of the “ infra red ” rays. Those shorter than the 
waves of tlie extreme visible violet are known as those of the “ ultra 
violet ” rays. Quartz and diamond are remarkably transparent to ultra 
violet rays, and a quartz train of lenses and prism or prisms is provided 
with the s^H’ctrosoopes designed for the study of such waves. The re- 
fractive indices of quartz liave been determined by Gifford as far as the 
wave-length 0*(XX)1852 of the ultra violet rays radiated in the spectrum 
of aluminium. B’or diamond the refractive index has been determined 
by Miller as far as the wave-length 0*0002240 in the ultra violet. • 

An instrument of a spectroscopic character for the production of 
pure monochromatic light corresponding to any onl of these wave- 
lengths or to any other desired wave-length, will be described in 
Chapter XLIV. Such an instrument is one of the first essentials for 
optical v|frk with crystals, • 

Aihnath of Light Oscillations — Polarisation. — So far an oscillation 
has only been considered as occurring at right angles to the lihe of 
propagation of the wave. But it is evident that the number of perpen- 



CHAP.xxivi LIGHT fFAVHS AND THEIR PROPAGATION 


799 


dicular directions around the line of propagation is infinite, and unless 
the motion of the ether element be a comjjound one, having a component 
tending to chahge the particular azimuth in which the oscillation starts, 
it is obvious that the pendiilic swing will continue to recur in the same 
direction, and the wave produced will be conj}>o 8 ed of vibrations 
occurring in the same plane. A ray of light producetl by such simph' 
oscillations confined to one plane is said to be “ })lane jwlarised.” It is 
evident that such a ray will exhibit ix'culiar charaiters in the plane 
containing the direction of oscillation and the line of jirojiagation, and 
likewise in the rectangularly symmetrical plane containing also the latter 
direction and the line at right angles to this and to the direction of 
oscillation. Much discussion has occurred m the ])ast as to wlu'ther the 
plane of polarisation is identical with the one or with the oth(*r of 
these two planes. The electromagnetic theory reipiin's that something 
shall occur in both planes, so that both views are partly correct ; the 
electric force concerned in the oscillations is found to be perjiemlicular 
to the plane of polarisation, and the magm'tic force to bo parallel to it. 
As some distinguishing convention is nece.ssary, the second alternative is 
adopted, for reasons presently to be exjilained. 

Crystals are particularly comu'cted with the polarisation of light, 
for by far the best means of prodinnug plane |)olarisation is by the use of 
them, their organised structure determining the polarisation of the light 
weaves along certain of the most important structural planes, Special 
constraining circumstances are obviously neceH.sary for the ])roduetion of 
vibrations in a single plane, and these circumstanciss are most fortunately 
provided by the crystalline structure corresponding to .systimis of symmetry 
other than the cubic. Ordinary light lonsists of vibrations of every 
|)088ible azimuth around the direction of propagation. It is siipposeil 
that the azimuth is constantly being altered by a very minute angle after 
every oscillation, and that a coinj)h‘t(‘ cycle of such changes of azimuth 
brings the path completely round the circle to the same again iimro 
frequently during the course of a second than the eye can discriminate, 
so that an ordinary ray gives the impression of being the same in ail 
directions around the line of projiagation. 

Besides the rectilinear oscillations of plane-jiolaris^l light, in which 
the electromagnetic forces concerned occur m two fixed azimuths at 
right angles to each other and t^) the direction of jirojiagation, others 
may be produced by the agency of certain crystals, in whn h the ether 
elements move in circles or ellijises. 

Thfe essential characteristic of imlarised light, whether it be piano 
polarised, circularly polarised, or ciliptically ]>olariHed, is that the 
directional characte* or orbit of the electromagnetic disturbance; remains 
permanently the same. In the case of ordinary light, every kind of 
orbit and every possible variation in the directional character may 
possibly obtain. 

8tip0rpontk>n and Interference of Lud»t Waves. - Rays of ordinary light 
from different sources are capable of crossing each other to any extent 
without suffering destruction, each emerging as if the other did not exist. 
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The ether thus appears capable of transmitting an infinite number of 
different waves at the same time, and the actual condition of an ether 
element at any particular point must be due to the superposition of all 
the various disturbances which affect it, namely, the geometric resultant 
of the displaceinents which would occur if each disturbance acted 
singly. If we confine our attention to two rays of plane-polarised 
light, which have the same direction of propagation and of which the 
oscillations occur in parallel azimuths, but which originate from two 
different jjoints in a row of ether elements, such for instance as the row 
ABODE in Fig. 594, it will be clear that, in general, the two waves 
will differ in phase at any point which may be chosen for a study of 
their interference. But wlicn the two points of origin arc removed from 
each other by a multiple of a complete wave-length, the two wave 
systems will be always in the same phase, and will simply reinforce 
each other in briglitness, the resulting wave having an amplitude equal 
to the sum of the amplitudes ^f the two component waves. When, how- 
ever, the two origins are separated by half a wave-length, as in the 
case of the wave of solid black particles AFCGE and that of the ring- 
particles AHOKE in Fig. 594, or an odd multiple of this, the ether 
j)articles will be affected by the two disturbances in opposite senses, 
and, if the waves differ in intensity, the resultant wave-movement will 
have the phase of the stronger of the two, and an amplitude equal to 
the difference of the amplitudes of the two individual rays. In the special 
case shown in Fig. 594 where two such waves are of equal intensity, 
they will destroy each other completely, the light being extinguished. 

We shall make very considerable use of this phenomenon of “ inter- 
ference ” in our optical study of crystals, in distinguishing between 
isotropic, uniaxial, and biaxial crystals, also in connection with the 
measurement of the angle between the optic axes of biaxial crystals, 
and with the determination of the sign of double refraction by means 
of a quartz wedge. The principle will also be employed in the 
dilatometer for the determination of the thermal expansion of crystals, 
the interferometer, which is used in connection with the dilatometer, 
being the most delicate measuring apparatus yet invented, the unit 
of the scale of interference bands being half a wave-length of red 
hydrogen (or cadmium) light, one three-thousandth of a millimetre or 
one seventy-seven thousandth of an inch ; as the interval between two 
such interference bands (dark straight bands parallel to each other on a 
brilliantly illuminated red ground, as seen through the interferometer 
telescope) can be divided by the eyepiece micrometer inta a htndred 
parts, we are actually able to measure with this instrument to the 
extraordinary degree of fineness of the eight-millionth part of an inch 
or the three-hundred thousandth of a millimetre. The thousandth of a 
millimetre is the finest measurement possible by the most refined 
mechatical means, including the use of ihe most delicate micrometer. 
Moreover, so absolutely infallible is the recurrence of a dark band 
at every half wave-length, where the nodes of light-ertinctioA occur, 
and so exactly alike are the wave-lengths themselves when the light 
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employed ie strictly monocliromatic (sucli aa tliat corresponding to tbe 
red spectrum line of cadmium), tfiat no mistake is [)ossible. The two 
rays which are thus caused to interfere are reflected from two absolutely 
plane glass surfaces, which are inclined at a very minute angle to each 
other but to the eye are apparently parallel ; one of them is fixed in 
space while the other moves with the expanding crystal, or with what- 
ever other movable object is under investigation and the movement of 
which is to be measured. The amount of motion is obtained at once by 
multiplying the number of bands and any final fraction of a band which 
have moved jiast the centre of reference (n little silver ring in the centre of 
one of the two glass surfaces, and which is focussed in the (centre of the field 
of the observing teles(;o|)e) by the half-wave-length of the light employed, 
usually red cadmium or red hydrogen light. The instrument itself is 
described in Chapter LVII., and a further appliejition of it to tho 
determination of the elastic bending and twisting of plates and bars of 
crystals in Chapter LVIII. 

If two waves originate from points removed by other distances than 
the wave-length or an o<ld multiple of half a wave-length, the n^sultant 
wave will jK)ssess both different j>ha8e and different amplitude. Hence 
two such waves as we have been considering can, according to the 
separation of the jicints of origin, vary in their resultant from tho 
sum of the two intensitu's down to zero, the plane of tin; vibrations 
remaining the ,same. 

When the |)laiies of polarisation are different, wliile the ilirection of 
jiropagation remains tlic same, the resultant wave will be either 
circularly or elliptically polarised. The resultant is a (‘ircularly 
IKilarised wave when the amjilitudes are the same, th(‘ planes of polarisa- 
tion at right angles, and the difference of phase one (piart-<‘r of a wave- 
length. The cose is analogous to that of a pendulum, which is started 
vibrating in one plane, and to which, when at one extremity of its 
path, one quarter of a completi^ swing from the original position of 
rest, an imjmlse of equal .strength is imjiarted at right angles to the 
first impulse, wliich results in a ( ircular motion being clcscnbed by the 
bob of the jiendulum (see Fig. 666, j)age 9()9). The jieriod of osi'illation 
of such circularly polarised light is the same as that of |ihe two component 
oscillations. We shall employ a “ (juarter-wave plat-e ” of mica in our 
practical opticiil work with crystals, for producing a cinmlarly jiolarised 
beam of fight, which affords charact<Tistic phenomena with crystals of 
different symmetry. 

If^he amplitude of the oscillations of the two conifionont rays be 
different, or if the difference of phase be other than one quarter of the 
wave-length, or again, if the inclination of the two planes of polarisation 
be other than 90°, the resultant movement of the ether elements takes 
the form of an ellipse, and the resultant ray is elliptically polarised. 

Propagation of Light — Wltve Surface.- The consideration dP single 
waves and simple cases of superposition just concluded lead naturally to 
the discussion of the whole series of waves emanating in all directione 
feom the circulating source. The nature of the whole disturbance i« 
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dependent primarily on the constitution of the medium in which it is 
propagated, for it is this which determines whether the waves are trans- 
mitted in the different directions with the same or with different velocity. 
The ether of space, that is in vacuo y where ponderable matter as we yet 
know it — molecules, atoms, nuclei, and electronic-corpuscles — is excluded, 
is a medium of the first kind, transmitting the light waves in all directions 
with equal velocity. Likewise the ether surrounding the molecules of 
transparent gases and liquids, and also the ether which penetrates between 
the molecules of such transparent solids as are constituted exactly alike 
in all directions, behaves as a medium of the first kind. Such an optically 
homogeneous substance is glass, and such also are all crystalline trans- 
parent solids which crystallise according to the cubic system of symmetry, 
the essence of which is perfect symmetry in all three rectangular directions 
of space, the physical properties being, as we have seen (page 583), 
represented by a sphere. The term “ isotropic ” is used to distinguish 
such homogeneous media. Through them light of any one particular 
colour is transmitted with equal velocity in every direction. The ether 
penetrating these isotropic substances is, indeed, only distinguished from 
that of vacuous space by the fact that light of different colours does not 
traverse them with equal velocity, the specific velocity for any particular 
colour being a characteristic of the particular substance. It is obvious 
why gases and liquids should be isotropic, for their molecules being in 
a state of motion, free and rapid in the case of gases but of a rolling 
character in liquids, it is an average effect which is produced on light, 
there being no congelation into an organised and rigid solid structure in 
which the molecules have definite homogeneously distributed positions, 
as in the case of a crystal. Glass would appear to owe its isotropic 
character to the great viscosity of the substance in the molten state at 
temperatures not far removed from the melting point, which causes it to 
retain on solidification the infinitely heterogeneous positions of the mole- 
cules which obtained in the liquid state just before solidification, the 
great viscosity at this point preventing the organised crystallographic 
arrangement of the molecules of the silicate or silicates present. That 
this is a correct view is proved by the formation of crystallites in some 
glasses by slow devitrification, such as those in the pitchstone of the Isle 
of Arran shown in Fig. 17 on page 29. The reason for the isotropy of 
cubic crystals is one of quite an opposite nature, namely, the most perfect 
development of organised crystallographic arrangement, that of the cubic 
system of symmetry with three equal and rectangular crystallographic 
axes, with its inevitable accompaniment when the symmetry i? fully 
developed, the display of the maximum possible number of planes and 
axes of symmetry.^ 

The continuous locus of points just about to be disturbed in an 

. ^ Alfi&ioagh the orystala of all the five classes flNos. 28 to 32) of the cubic system 

are isotropic, a few substances of class 28, such as sodium chlorate and bromate, 
sodium sulphantimoniate, and sodium uranyl acetate, rotate the pUme of pcdiurisation 
of light, by virtue of the enantiomorphism of their crystal structure and thmr possessimi 
of screw axes without any planes of symmetry. 
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isotropic medium, under the influence of a light oscillation of definite 
frequency, will evidently be a spherical surface. For instance, at the 
moment of the completion of a vibration of the oscillating source, the 
surface connecting all the ethereal elements to which the complete wave 
has travelled will be a sphere of radius A, the wave-length. At the 
end of a second vibration the disturbance will have reached the surface 
of a sphere of radius 2A, and so on. Such a sphere of like phase is 
termed a wave-surface or wave-front, and the term may 1 h^ extended to 
any surface joining ether elements in a like ]>hase of vibration, of which 
those spheres having radii which ore multiples of the wave-length are 
only special case.^. 

Every point on a w^ave-surface may be regarded as a new centre of 
disturbance, and the secondary waves travelling emt from it may be 
considered as carrying on the wave-motion. The envelope of these 
secondary weaves w'ill be identical with the wave-front of the main dis- 



turbance, so that the aggregate effect of the secondary waves is the 
primary wave. The construction of radiating wave-motion as a succes- 
sion of wave envelopes is the well-known principle of Iluyghens. It ^-ill 
be rendered clearer by Fig. 595, which emlKidies the so-called Huyghens 
construction. If, instead of considering the motion its really originating 
at 0, we consider a circular line of particles ABC on the spherical wave- 
front at any moment, each of these particles may be considered as an 
origin, and if we draw a circle from each, having a radius corresponding 
to the distance the movement has travelled from the particle in a given 
furthlr time t, we shall arrive at the circular section DEF by drawing 
the enveloping cuyre of all such circlejj. Similarly, if the time con- 
sidered be % and we draw a further series of circles from the points 
on the circle ABC with radius corresponding to 2t we arrive at the 
oiicular section of the outer envelope QHK. Obviously these spherical 
envelopes DEF and GHK ar# identical with the primary spherioil wave- 
surfaces for the same moments of time. 

In the case of the simple homogeneous media now under considera- 
tion, for whjjjh it has been shown that the envelope or wave-front is a 


804 


GRYSTALLOORAPHY 


PART III 


spherical surface, the individual rays will obviously be the normals to 
the wave-front ; that is to say, the wave moves out from the oscillating 
centre of disturbance along the radii of its spherical front, and at right 
angles to the tangent to the wave-front at the point where the particular 
radius considered meets the wave-front. Thus, for isotropic media in 
general, the direction of j)ropagation of the wave is always at right angles 
to the wave- front. 

The more complicated cases of the passage of light through 
anisotropic media, that is, through crystals belonging to the systems of 
symmetry other than the cubic system, will be discussed in later chapters. 
It will be obvious that the wave-surface in these cases cannot be spherical, 
and it will be sliown that, in general, it is an ellipsoid. Also the wave- 
front is not, in general, perpendicular to the direction of propagation, 
although it is so when the direction is one of the three principal axes of 
the ellipsoid. 

We have thus seen that the consideration of the nature of light, 
and of the mode of propagation of its electromagnetic waves, leads us 
inevitably and naturally to the investigation of the optical properties 
of crystals. The two subjects of optics and crystallograjjhy are as 
intimately, and indeed indissolubly, bound iij) together as is the latter 
subject with chemistry and mineralogy. It has been considered both 
right, therefore, and advisable, inasmuch as recent investigation has so 
enormously widened our conce])tion of the nature of light and of the 
true character of the chemical atom, that the real study of the optical 
properties of crystals, to which we shall now })rocecd, should have been 
preceded by these two introductory chapters, which liave thus naturally 
paved the way for our practical studies in optical crystallography. 



CHAPTER XXXVIl 


THE FUNDAMENTAL OI’TICAL CONSTANT, INDEX OF HEKRACTION ; AND ITS 
RELATIONS TO THE ANGLES OF TOTAL REFLK('TION AND OF l’OLARISA« 
TION— DIFFRACTION AND THE ORATING 

J3efore wo can with H(ivantagc pass to tho <‘on.si(l(‘rat.i()ii of tho optical 
elIi().soi(l cxproHsivo of tiu* optical properties of crystals, and its bearing 
on practical crystallography, it is imperative that we should be (juit/O 
clear as to the elementary facts concerning the jiassage of light through 
transparent media, and the nature of the all-imjiortant constant, re* 
fractive index. For on this knowledge depends our means of practically 
determining that constant. Before considering crystal-media, however, 
we will assume that our transparent medium is non-crystalline, glasa 
for instance ; or at any rate if crystalline that it jiossesseH the symmetry 
and internal structure of the cubic system, so that it is singly ridractive, 
or “ isotropic,” the optical properties being the same in all directions 
within the substance. We must first investigate what ha])))ens when 
a beam of light traverses a traiisjmrent plate or a prism of such a sub- 
stance, determine the conditions ^ 

for partial and total reflection at i. ,r jq 

either of its surfaces, and diKluce ; 

a general means of determining e • 

the index of refraction. 

When a ray of light strikes a 
parallel-sided plate of such an 
isotropic transparent substance, 
a portion of it is reflected sym- 
metrically to the surface of the 
plate.* This may be otherwise 
expressed by saying that it is 
reflected at an equal angle with 
the normal (the perpendicular to 
a surface) to the plate. The refleckd ray also lies in the same plane as 
the incident ray and the nofmal to the surface. These two farm the 
ordinary Laws of Reflection of light at a plane surface. Thus in Fig. 696, 
if 10 bfe the ray incident on the surface AB of the plate ABCD, and NON' 
be the normal to the plate, then the ray is reflected along OR, which 

8W 
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follows a direction such that the angle EON is equal to the angle ION, 
10 and RO being thus symmetrical to the surface AB. The angle of 
incidence, as also the angle of reflection, is always measured from the 
normal to the surface, and not from the surface itself. The angle lOA, 
that measured from the surface, is known as the “ glancing angle,” and 
is that referred to in connection with the reflection of X-rays from the 
planes of atoms in crystals (see footnote on page 649). Perpendicular 
incidence on a surface is alone reflected back along the same path. 

It has also to be remembered that a certain portion of the incident 
light, the amount depending on the imperfection of the polish of the 
surface, the roughness or irregularity of the surface, is also reflected 
irregularly, or “ scattered ” as it is termed ; and it is by means very largely 
of this scattered light that we see the object. These miniature innumerable 
reflections affording the scattered light are only irregular in so far as the 
surface is irregular ; each minute element or similarly reflecting tiny plane 
portion of the surface reflects light in accordance with the regular law of 
reflection just stated, so long as its dimensions are not so small as to be 
of the order of the wave-length of light. 

The incident light is vibrating in every azimuth perpendicular to 
its direction of propagation, if it be ordinary light. But after reflection 
at the surface of the plate more or less of it, depending on the angle of 
incidence, is constrained to vibrate in the plane of the surface, that is, 
it becomes })lanc-polarised. For some particular angle of incidence de- 
pendent on the substance, 56° 35' in the case of ordinary crown glass 
for instance, the whole of the reflected beam, if composed of monochro- 
matic light (sodium light in the case of glass just mentioned), is thus 
plane-polarised. This angle is known as the ” polarising angle.” 

A great deal of controversy has occurred in the past as to whether 
the plane of polarisation should be considered as that in which the plane 
vibrations occur, or the plane perpendicular thereto It has already been 
shown that there are effects, both electric and magnetic, in both planes ; 
and the convention mutually agreed upon by the great majority of 
physicists, following the assumption of Fresnel, is that the plane of 
polarisation shall be considered as perpendicular to the plane in which 
the vibrations occiy, that is, to be parallel to the plane of incidence, the 
plane ION, parallel to the paper, in Fig. 596. It has been so decided 
on the ground that the direction of vibration follows the electric effect 
more than the magnetic, and the electric disturbance occurs principally 
at right angles to the plane of polarisation as understood by Fresnel. 

It is thus very important to remember, that when a polarising^Nicol 
prism (our best means of producing polarised light,^ to be described in 
Chapter XL.) is arranged with its axis horizontal and its plane of polarisa- 
tion, the 0°-180° diameter, the longer diagonal of the end-face of the 
rhomb, also horizontal, and with the 90°-270° diameter, the shorter 
diagonal, vertical, the transmitted vibrationt are occurring vertically ; and 
when the prism is rotated so that the zero or 180° graduation is at the 
top of the vertical diameter, the vibrations are horizontal. That* is, the 
diameter which carried the zero mark has to be horizontal in order that 
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the prism may let through vertical vibrations, and vertical if it be desirod 
to transmit horiiontal vibrations. The vibration plane of a Nicol ” (as 
the Nicol prism is currently termed) is always parallel to the shorter 
diagonal. Hence vibrations parallel to the refracting edge of a OO^-prism 
of a birefracting crystal are transmitted when the Nicol is at 90“, and 
those j^rpendicular to the edge and bisecting the angle of the prism are 
transmitted when the Nicol is at 0^*, assuming that the prism is arranged on 
a horizontal -circle goniometer-refractometer witli its edge vertical as usual. 

The remainder of the light incident on the plate in Fig. 506, and not re- 
flected, penetrates within the glass or whatever transparent material the plate 
is composed of, and is polarised in a proportion corresponding to that of the 
reflected light, but in the perpendicular plane, at right angles to the plane of 
incidence ; that is, the vibrations occur parallel to the })lane of incidence. 

A plate of the mineral tourmaline is well known to act as a very 
perfect polariser of light, that is, to constrain tlie vil)rations of such 
light as passes through the tourmaline to confine themselves to a single 
plane. In the case of tourmaline the direction of this plane is jiarallel to 
the trigonal axis of the crystal, tourmaline crystallising in the trigonal 
system, class 20, the ditrigonal- pyramidal polar class, as shown on page 
348 of Chapter XXII. and illustrated in Fig. 300 ; the crystal plate is 
generally cut parallel to the trigonal axis for ]>olarising purjwses. Now 
tourmaline is a mineral which possesses in a high degree the property 
of “ pleochroism,” that is, it exhibits different absorptive effects on light 
vibrating along different directions wdthin the crystal (see Chapter LI.). 
Moreover, as in the cases of all birefringent crystals, the rays of ordinary 
light are in general constrained when they enter the crystal to vibrate 
along two directions only, and in this case, being trigonal in symmetry, 
the two component rays are an ordinary and an extraordinary one in 
the sense which will be fully explained in Chapter XXX IX. Now, 
the difference of absorption of these two rays during their passage 
through the tourmaline crystal structure is so considerable, that the 
ordinary ray, when the cry.Htal j)lat<.* is cut parallel to the axis as usual, 
is practically entirely absorbed before it can emerge, and thus the 
extraordinary ray, the vibrations of which an* paralh‘1 to the trigonal 
axis, is alone transmitted as a perfectly polarised bearp of light. 

Consequently a plate of tourmaline affonls a delicate test for the 
polarisation of light reflected or refracted from glass, and in the case of 
the reflected rays, if the angle of incidence be near 56° 35', they are 
practically all extinguished by the plate of tourmaline cut parallel to 
the frigonal axis, when that axis, generally parallel to the longer edge 
of the plate, is parallel to the plane of incidence ; but the refracted rays 
readily pass througli a tourmaline thus held. 

It will be obvious also that when tw^o such elongated plates of 
tourmaline parallel to the axis are held parallel to each other in a beiim 
of light, the latter passes through as a l)eam of plane-polariiifid light, 
and to the eye of an observer on the other side the tourmalines apjiear 
trans^iarent, with the slight or deeper colour corresponding to two 
thicknesses of the mineral ; but if the two plates be crossed at right 
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angles, the overlapping square will appear to the same eye quite black 
and opaque, the plane«polarised light getting through the first being 
altogether stopped by the second. When such a pair of plates of tour- 
maline — now very rare, especially if they are of considerable size, with 
a minimum of colour, and that pale brown rather than green — are 
mounted in a manner which permits of their independent rotation, so 
that they may be arranged crossed to each other or parallel at will, or 
at any angle of mutual inclination, they form an excellent “ polariscope,” 
an instrument consisting of a “ j)olari8er,” or producer of a beam of 
plane-polarised light, and an identically similar “ analyser,” both rotat- 
able. A section-plate cut perpendicularly to the optic axis of a uniaxial 
crystal, or to the acute bisectrix of the optic axial angle of a biaxial 
crystal, when placed between the polarising and ana- 
lysing tourmalines, will exhibit the circular uniaxial 
rings and rectangular cross of the one, or the biaxial 
rings and brushes of the other very clearly, when 
the arrangement is held close to the eye. The 
tourmalines are usually supported in independently 
rotatable mounts at the ends of a pair of spring 
tongs, between which the crystal section can be 
gripped with sufficient tightness to hold it firmly, as 
shown in Fig. 597 

Two large plates of colourless tourmaline are 
quite as good as Nicol prisms, and from their increas- 
ing rarity are becoming almost as valuable as large 
Nicols, the Iceland spar for which is now exhausted, 
only smaller pieces coming into the market, which, 
howevei, are adequate for all but projection purposes. 
The construction of the Nicol prism of Iceland spar 
will be discussed in Chapter XL., after the doubly 
1 ^ 0 . 507.— Pair of Tour- refracting peculiarities of calcite have been described 
umliues In Pincette. Chapter XXXIX. 

Index of Refraction. — The amount of bending or “ refraction ” of the 
rays on entering the transparent material depends on what is known as 
the “ refractive ind^x ” of the substance. If in our example illustrated 
in Fig. 596 NON' be the normal to the plate of glass or other transparent 
isotropic substance, 10 the direction of the incident ray, ION being the 
angle of incidence, then OR is the reflected portion of the ray, and Or 
the refracted portion. At r, where it meets the second surface, it is partly 
transmitted as the ray rT, parallel to the direction of the incident raf 10 
but no longer in line with it ; and partly it is again reflected back to the 
first surface, which it meets at P ; here part escapes as the ray PQ parallel 
to the reflected ray OR, and part is once more reflected to the second 
surface at $, a portion of this ray then escaping along sV parallel to rT 
and part being once more reflected, a ricochet; of this kind going on with 
partial escape of some of the light each time either surface is reached 
I after internal reflection, the escaping ray being obviously weaker and 
weaker after each successive internal reflection. 
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Now N'Or is the angle of refraction <f>, and if the angle of incidence 
ION be represented by 6, then the ratio of the velocity of light in air to 
that within the crystal is equal to the ratio of the sines of the two angles 
9 and and this ratio it is which is conventionally known os the “ refrac- 
tive index ” ; it is generally represented by the letter /x when the substance 
is singly refracting, that is : 

sin 9 
^ sin (j)' 

The refractive index is a constant quantity for light of the same wave- 
length and for the same two media, but varies with change of either 
medium. It is a number greater than unity wh<*n the medium the 
refractive power of which is measured by it, compared with that of air, 
is denser than air; for ^ w’ill always then be a smaller angle than 9. 
These fact-s are combined in the statements of two laws which were 
established so long ago as the year 1()2() by Willabrod Snell, and after- 
wards restated by Descartes, who tlius <1111(41 mori^ attiuition to them. 
They are as follows : 

Whatever be the angle of incidence, the ratio which the sine of this 
angle of incidence bears to the sine of the angle of refraction is constant 
for the same two media, but varies with different media. 

The incident and the refracted ray lie in the same plane, which is 
perpendicular to the surface of separation of the two media. 

Snell’s laws apply not only to solids, but also to Inpiids, and as wo 
shall afterwards require to use li<|uids of specific refractive powers for 
various operations in connection with the detiTimnation of the optical 
constants of crystals, it is convenient to include here a list of the refrac- 
tive indices of a few such liquids which the author has found most 
useful, together with the indicc's of refraction of a number of isotropic 
solid substances, including crystals lielonging to the (‘ubic system. All 
the refractive indices in the two tables refer to sodium D-light and to 
the temperature of 20'^ (’. The name of the olmerver is also given in 
each ca.se. 


Kkkractive Indices of sc 

Fluor spar ..... 
Potassium aluminium alum . 
Ammonium aluminium alum 

Obaidian 

So^um chlorate .... 
Crown glass, light Steinheil or .Mct/, 

,, heavy^Ierz or Rosette 

Bock salt 

Canada balsam (hardened) 

Flint glass, light Hilgcr 


ME IsoTKOFic Solids. 

» 

14339, Fixosu. 

. 14564, Sorei. 

. l-4,'>94,Soret. 

. 1 4964, .Muhlheims, 

15 1. 50, DiiHRaud. 

. 1-515.3, v.d. Willigcn. 

. I ’.5.339, .Maseart. 

1-5442, I^anglcy. 

. 1-5450, Schaller and Calkins.* 

. 1-.5798, Ungby. 


• This value is the maximum fo#id for a nuralwr of specimens, the variatians Ix'ing 
from 1-636 to 1-645. As the hardest and densest is most useful to the (-rystallographer, 
the highest value ]>robabiy most accurately roi)rf*w*nts its index of refraction, Pr<N<ton 
{Theory of Light, p. 320) states that the refractive index of that used in preparing 
Nicnl prisms is nearly 1’66. 
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Expbaotivib Indices of some Isotropic Solids { continued ). 


Flint gIa8H, heavy Rosette .... 1*6193, Mascart. 

„ very heavy Merz . , . 1*7615, v.d. Willigen. 

„ dense Jena, for total reflectometers 1*8904, Pulfrich. 


Garnet, colourless grossuralitc 
„ red almandine . 

•• green uwarowito 
Spinel, chromite . 
Phosphorus. 

Blonde .... 
Diamond .... 


1-7438, WUlfing. 

1*8078, WulBng. 

1*8384, wolfing. 

2*0960, Thoulet. 

2*1442, Gladstone and Bale. 
2*3692, Becquerel. 

2*4669, Sohrauf. 


KEFUAfmvE Indicbs of oektain Useful Liquids. 


Water 

hither 

Kthyl alcohol 
Chloroform . 

Carbon tetrachloride . 
'I’urpentino . 

Glycerine . 

Toluene 
Benzene 
Cedar oil . 
Monochlorobenzene 
Methyl salicylate . 

Oil of cloves 
Allis oil , 

Oil of cassia 
Oil of cinnamon . 

Carbon bisul])hide 
Acetylene tetrabromido 
a -Monobromonaplithaleno 
Methylene iodide 


1*3334, Tutton. 

1*3566, Gladstone and Dale. 
1*3616, Ketteler. 

1*4462, Ijorenz. 

1*4607, Haagen. 

1*4725, v.d. Willigen. 

1*4729, Undolt. 

1*4965, Gladstone. 

1*6027, Gladstone. 

1*6102, Tutton. 

1*6248, Veley. 

1*5363, Wernicke. 

1*6409, Tutton. 

1*5540, Baden-Powoll. 
1*5802, Wiedemann. 

1*6190, Tutton. 

1*6276, Ketteler. 

1*6380, Woegmann. 

1*6657, Tutton. 

1*7421, Gladstone. 


Total Reflection and Relation of its Critical Angle to Refractive 
Index. — If wc try to follow what happens when the angle of incidence 
becomes greater a^id greater, we shall find that more and more light is 
reflected, and such lesser quantity as is refracted becomes relatively 
mor j and more powerfully refracted, as it approaches horizontal incidence 
(parallel to the plate surface), just as the converse is true that when the 
incidence is normal there is no refraction at all, and very little relatively 
for a small angle of incidence. When the limiting case is reached^ and 
the angle of incidence is actually 90°, the ray thus gliding along the 
surface has no tendency to enter the denser mediu^ at all. Incident 
rays, however, falling on the surface at angles just less than 90°, will 
be refracted partially, although mostly reflected, and the angle of refrac- 
tion will be the maximum possible. If, iiiow, we approach from the 
other side and investigate the case of a ray travelling within the denser 
medium towards the limiting surface, such as our plate of glass or other 
isotropic substance or a transparent liquid, we find that if this ray meet 
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the second surface of th3 plate, or the surface of the liquid, at the maxiraui^ 
angle just referred to, it will partially emerge ; but if the angle bo not 
only just greater than that maximum angle for emergence, but also exceeds 
that which would produce the gliding along 
the surface, corresponding to 90® of incidence, 
it will not emerge at all, as the ray rT is 
shown as doing in Fig. 596, but will be totally 
internally reflected at the surface, back within 
the denser medium again, at an angle equal 
to that of this interior incidence. When the 
interior ray AO meets the surface exactly at 
the “ critical angle,” it glides along the surface 
OB, as shown in Fig. 598. 

Expressing the facts mathematically, if 6 
be the angle of incidence as before, then 6 90'^ 
for the critical angle of refraction, which latt<‘r 
we term ^ as before, maintaining the same conventio?ial signs through* 
out. This critical angle of refraction i.s now the interior angle of 
incidence. Then : 

sin 0 sin 9()® 1 

^ sin <l> sin sin <f> 

■ A 1 

or sin <f> ■= • 

P 

Thus the sine of the critical angle is equal to the reciprocal of the 
refractive index. As the latter differs for light of different wave-lengtiis, 
the critical angle also varies with the wave-length. This is the law of 
total reflection, of which great use will subsetjuently be made in crystal 
optics. It means that if a ray AO (Fig. 598) lie incident within the 
transparent solid or liquid at an angle the sine of which is equal to the 
reciprocal of the index of refraction, the ray never gets out, but is 
reflected along the surface OB, and the least increase of this angle 
causes the ray to be totally reflect'd at the limiting surface of the two 
media, at the same angle OC, back again within the substance. 

Determination o! the Refractive Index by the Total Reflection Method. - 
The important law just stated is the foundation of the total-reflection 
method of determining the refractive index by means of the total* 
reflcctometer. The instrument and the actual mode of carrying out 
the determination will be described in Chapter XLVII. For the limit at 
whiqlf total reflection begins is so sharp that by a suitable method of 
observation it can ^ caused to take the form of a straight or regularly 
cmrved line of demarcation between an illuminated part of the field of 
view of a telescope and a dark portion, so sharp, indeed, that the limit* 
ing line can be adjusted to a cross- wire in the eye-inece of the telescope 
of the total-reflectometer. The latter l>eing merely a sf>ecially modifi^ 
goniometer * refractometer, the critical angle is thus measured directly 
by the divided circle. The refractive index /x is affor<le<l by the ex- 
pression : 



Kio, f*i>8.“TotAl Rofloction at 
the Critical Anitle, 
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^ sin (f) 

where ^ is the critical angle. That is, we have merely to calculate the 
reciprocal of the sine of the observed critical angle. 

The critical angle for water to air for sodium light is 48° 35', corre- 
sponding to the refractive index for 20°, 1-3334. That from glass to 
air, also for sodium light, is 41° 18' for light crown glass of refractive 
index 1 -5153, and 39° 16' for light flint glass of refractive index 1 -5798. 


Application of Total Reflection to the Right-angled Prism.— An important 
further application of the principle of total reflection, with which we shall have to deal 
in experimental crystal optics, is in the right-angled 
total-reflection prism. It is a prism formed by three 
faces, the plan of which is an isosceles triangle, the 
two equal faces l)eing perpendicular to each other, 
so that the other two angles of the prism are 46°, as 
illustrated in Fig. 699. All three surfaces are polished, 
and truly plane if required for accurate work of the 
kind wo shall have to do8cril)e later on. The main 
use of the prism is for reflecting a beam of light at 
right angles to its original path. One of the rec- 
tangular faces abed is arranged normally to the direc- 

direction of the arrow through this face undiverted 
by any refraction straight to the hypotenuse-face beef, striking the latter, say, 
about its centre ; it does so obviously at 45°, which is larger than the critical 
angle for glass. For this has been shown to bo 41° 18' for light crown glass and 39° 
16' for light flint glass, so that we may expect the glass of which the prism is made 
to have a critical angle .somewhere between the.se limits. It is, therefore, totally 
reflected at the hypotenuse, and thus strikes the second rectangular side ade.J normally, 
so that it is transmitted out into the air again without refraction or other diversion, 
thus emerging at right angles to the original direction, and without further loss of 
light than the minute amount duo to absorption by the glass and that duo to normal 
reflection. 

When used in another manner which is shown in Fig. 600 the right-angled reflect- 
ing prism is known as an “ Erecting Prism,” as it inverts the rays passed through it, 
so that if a beam of light passing to the screen in a projection e.\perinient, and pro- 
ducing there as usual^an inverted imago of the object projected by the lens, is passed 
through such an erecting prism, the image is reinvertod by it and thus rendered 
upright on the screen. In the ordinary projection of lantern slides the slide is placed 
inverted in its carrier in the lantern front, in order that its enlarged image may be 
upright on the screen. But when an experiment is being projected, the apparatus 
being arranged between the lantern condenser and the projecting lens, it i# rarely 
convenient to place it upside down, and here the use of an erecting prism is invalnablo. 
The prism rests on its base, which is either horizontal or tilted slightly parallel to the 
beam of light when the latter is not quite horizontal ; the means of tilting are provided 
in the form shown at A in Fig. 600 by the three levelling or adjusting screws for the 
supporting table c on which it rests, one of these screws being shown at d, while three 
ether flxihg screws, one shown at e, serve rigidly ^o fix the table, if necessary, after 
adjusting. The adjusting screws d screw through the under fixed table /, but do 
not enter c ; while the fixing screws e pass easily without screwing through / but 
screw into c. The supporting column g passes down into a suitable ^p^estal, in tiie 
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column of which it ia adjustable for height and is also of course rotatable. Hence all 
necessary adjustments are very simply provided for. A still simpler mode of adj ust ing 
the prism is shown at B in Fig. 600, a screen with central aperture being also provided 
in order to exclude all rays but those of the desired beam. 

A beam of light AB (see Fig. 600) passing from the lantern to the scnwn enters 
the prism at ah, where it is refracted. Consider- 
ing first the ray A, after refraction at a it is 
totally reflected at a' from the polished base of 
the prism (all throe faces being ]>oli8hed) and 
leaves the prism at a*, where a second refraction 
brings it parallel to its original direction but on 



-A 

n' 



A -~Prlncii>lc tlic I’rUm. 


II. Krcctintf PriMiii on Ailjiittl-ublo Stand 
an uiMjd for PrnjfcUon, 

Fio. (too, I he " Krcct.iiK I’riiiiii." 


a higher lc\el. On the other hand the ray H buffers the two refractions b and b" 
and the reflection at b', and emerges after the stH*ond ridraction at b" })arallel to 
its original direction but at a lower loveL If the arrow at AH n*i)rcs(*nt the in\prU‘d 
imago of the object placed between the lantern condenser and t he projecting lens, 
then after traversing the erecting prism it ajijK^ars on the screen er(*ct as A'B'. 

Sometimes this erecting jirism is given a larger angle tlian IK)'\ a common one 
being 10r»°. It will be observed that the upper or ajiex iiortion of the ])riKm is not 
used ; hence, to save glass, this upp<-r part is often cut away, as shown at H m Fig. 600. 

Dove's Prism is a right-angled erecting prism constructed of Iceland H])ar, caloite 
(calcium carbonate, CaCO,), which acts as an ordinary erecting iirism, as above 
described, for the “ ordinary ” ray, while the “ extraordinary ” fey, the second of the 
two rays into which a beam of light is divideil on enU^ring a doubly refractive crystal 
such as calcite (as will be fully explained in Chapter XXXIX.), is not totally refliHiUnl 
but largely passes out of the base and is absorbi'd by lamp black jiaint on the support- 
ing table or other mount. It thus gives an erected (reversed) imago in i>olarise<l 
light, tie plane of polarisation of which U that of the “ ordinary ” ray of calcite. 
One often hears the common glass erecting pnsm referred to as a “ Dove’s jirism ” ; 
strictly speaking the naftie only applies to one of calcite. 1 he spar is cut so that the 
optic axis is parallel to the receiving face of the prism, end peniendicuUr l>oth to the 
exit face and to the apex -edge between these two faces. 

PtssBsl's llhomb.— This is a simple device for utilising the pnnciple of totol 
reflection for the production of circilarly polarised light (see page W>9 and Fig. 6^). 
It was devised by Fresnel as the result of his mathematical conceptions in connection 
with the undulatory theory of light, and verified his expectations to the fullest extent. 
It oonsiste of a Aomb of glass with parallel faces (parallelepiped), a, 6, c, d, in Fig. flOl, 
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io disposed that a ray of light entering normally at one of the two narrower faces 
is totally reflected internally at each of the longer parallel pair of faces, that is, 
p and 8, and leaves the prism normally to the other narrow end face ; the acute 
angles of the rhomb are made to be as near 64® 37' as possible. The rays are thus 
incident on the hrst reflecting face at an angle of 64J°, and 
are there totally reflected ; they strike the second long face 
at the same angle and are again totally reflected, and 
emerge parallel to their original direction but somewhat 
laterally displaced. At both p and s a difference of phase 
of l/8th-wavo retardation is produced, that is of 46®, and 
the sum of the two retardations is consequently 90® or one- 
quarter wave. If the ray be originally polarised, say by a 
Nicol prism, and its plane of vibration be arranged to be 
inclined 45® to that of reflection (the plane of the paper in 
Fig. 001), its components in and perpendicular to the plane 
of incidence and reflection will be equal, and the emergent 
light will therefore be circularly polarised. The rhomb 
answers jwrfoctly to the test, and circularly polarises rays 
of all wave-lengths equally, so that it is particularly useful with white light ; in this 
respect it is superior to a quarter -undulation plate of mica (see page 909), which 
strictly effects its jmqiose for one wave-length only. A quarter-wave mica plate, on 
the other hand, is very convenient as occupying practically no space, and producing 
no displacement of the ray. This latter is especially troublesome when the rhomb 
requires to bo rotated. The rhomb may bo also used to convert circularly polarised 
light into linearly polarised light ; for on passing a circularly polarised beam through 
it a further difference of phase of 90® is introduced, so that the emergent Iwam is plane 
polarlseil. If a ray of light originally polarised at 46® azimuth be passed through a 
succession of Fresnel’s rhombs, the issuing light will be cither circularly or linearly 
polarised according as the number of rhombs is odd or even. The rhomb also 
converts olliptically ])olarisod light into plane polarised, when the rhomb is so arranged 
that the major and minor axes of the elliptic vibration are in and perpendicular to 
the plane of incidence (plane of the paper in Fig. 001) respectively. 


Fio. 001. 
Fresnel’s Rhomb. 


Determination o! Refractive Index by the 60®-Prism Method.— 

By far the most convenient and accurate method of measuring the 
refractive index is by observation of the refracted images, in various 
colours of ligiit, of the collimator slit of a refractometer-goniometer 
through a flO^-prism, the method, in fact, of producing a line-spectrum, 
the lines of whiclf, of known specific wave-lengths, give us the means of 
determining the refractive index for definite radiations. 


As the source of light, we may employ sunlight when available, when we have the 
Fraunhofer dark lines as known particular wave-length radiations. A heliostat, 
however, is necessary with sunlight, to keep the image of the sun constant!^ on the 
glit, and there is besides the liability to interruptions by clouds to be considered. 
Hence, we may much more conveniently employ the bright fines of metallio vapours, 
such as those of sodium, lithium, and thallium, the respective yellow, red, and green 
lines of which are particularly convenient for the purpose. Or again, we may employ 
a hydrogen Geissler vacuum tube, and raise the residual hydrogen gas, at the exoeed- 
irtgly low pressure left in the tube, to incandescenci by means of the high tension inter- 
mittent electric discharge from the secondary circuit of a Ruhmkorflf induction coil, 
and thus produce the primary spectrum of three bright lines of hydrogen, the red C, the 
greenish-blue F, and the violet line near G. Or, best of all, we may en^lpy the authoFe 



CHAP, xxxvn FUNDAMENTAL OPTWAL CONm^ANT 


815 


speotroeoopio monochromatio illuminator, described in Chapter XLIV., which supplies 
monochromatic light to any instrument whatsoever, and to the goniomotor-refraoto* 
meter especially well on which the OO^-prism is to be measured as regards both its 
refracting angle and the angle of deviation of the rays transmitted by it. The mono- 
chromatic light furnished by this instrument is of such purity that only a 250th part 
of the spectrum is included, the position of wliioh, moreover, and the actual wave- 
length, it directly affords, and which may be any desired wave-lengtHwhatsoevcr. 

If in Fig. 602 ABC be tho section of a 60° -prism by a plane j)er])endicular to the 
faces, tho refracting edge being at C, a ray of light refracted througli it obviously 
cannot emoige parallel to tho original direction however tho prism may be arranged, 
for this only occurs with a parallel -surfaced plate. But tho amount of deviation is 
not constant for all positions, but has a minimum when (he path of the refracted ray 
through tho prism is parallel to the side AB of tho prism op}x)sito to the refracting 
angle, and to the basal plane on which tho ])rism stands, parallel to the paper in 
Fig, 602 ; the incident and emergent rays then make equal angles with the two 
refracting faces of tho prism. This symmetrical ]H)sition of “ minimum deviation 
can bo very readily found in practice, when the prism is mounted on tho crystal- 
adjusting apparatus of tho goniometer • 8]XK‘tromeier, and thus tho method is 
particularly convenient and accurate. 

The collimator and telcsco]K> ait^ first arranged in the same straight line, and the 
direct reading of tho Wobsky slit-signal as obst'rvcd through tho telesculK* is taken on 
tho circle ; the telescojio is then rotateil 
to one side, the collimator and divided 
circle remaining clam])ed together and 
fixed to the tripod baw', until by suitable 
rotation of the prism, tho crystal axis 
being left loose, tho refracted imago of 
the signal -slit is seen directly by tho eye, 
broadened into a spectrum by tho dif- 
ferent refraction or “ di8]>orsi(>n ” of light 
of different wave-lengths. It will then 
bo found that when tho arrangement is 
as shown in Fig. 602, rotation of the 
prism in either direction causes the 
spectrum -image of the slit to move in that one and the same direction which, if tho 
telescope followed it in order to measuiv tho angular movement, would increase tho 
angle of deviation of the light rays, from tho original jHisition of tho telescojie for the 
direct reading on the circle, when it was in lino with the collimator. The prism U 
then rotated back to its position correiqKinding to minimum deviation, and the 
telescope arranged so that the spectrum-image for this ]K)sitio?ri8 adjusted as nearly 
as a broad spectrum can be to the cross- wires. The least turn of the prism either way 
causes the image to move away from tho vertical cross-wire, and on that side of it 
In either case which would increase tho angle. After thus preliminarily adjusting 
the spectrum-image in white light with tho ordinary goniometer lamp, the final 
adjoati^nt must be made in monochromatic light, preferably sodium light, which 
is a radiation in a conveniently central part of tho visible spectrum. The angular 
di£Eerence between this^adjustod position and tho direct reading is the desire<l angle 
of tntwitwiini deviation. Similar measurements are then made for all the radiations 
for which it is desired to determine the refractive index, the adjustment of the setting 
to minimom deviation being verified and made perfect for each colour, as tested 
by verifying that on movement cl the prism in either direction by rotation of the 
crystal-holding and adjusting axis supporting it, no further approach of tho image 
towards the direct rea^ occurs, and if any further slight adjustment be required, 
as is usual for the two ends of the spectrum, it is made in each case. 
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fiy ufilng tho author's spectroscopic monochromatic illuminator described in 
Chapter XLIV., determinations of minimum deviation for six or more wave-lengths of 
light can be very rapidly carried out. The author usually employs those correspond- 
ing tp red Li -light, red C-hydrogen light, yellow sodium light, green thallium light, 
greenish-blue I'-hydrogen light, and violet hydrogen light near G. The only other 
measurement required is that of the refracting angle of the prism, which is measured 
in the usual goniomotrioal manner. (See Chapter XLVI. for practical details.) 

The calculation of the refractive index is exceedingly simple from the data thus 
acquired, namely, from the angle S of minimum deviation for a number of different 
wave-lengths of light, and the internal angle of the prism a, which is somewhere in 
the neighbourhood of 60°, and is, of course, determined to a single minute of arc. 

Now if 01^ in Fig. 602 bo the incident ray, PQ the direction of the refracted ray 
through the prism at minimum deviation, and therefore parallel to the third side of 
the prism AB oxiposito the refracting angle ACB, a ; and if also QR be the emergent 
ray, NPN' and MQM' the directions of the normals to the prism faces employed, 
and CD the plan of the bisecting plane of the prism ; then, the angle of incidence 
OPN is equal to the angle RQM made by the emergent ray with the normal to the 
second surface. Lot this angle of equal incidence and emergence be termed 0, as usual 
for an angle of incidence in the nomenclature of this book. Then the angle of refrac- 
tion QPN' is equal to the angle PQM'. Let these bo called 0, in accordance with 
our usual labelling of an angle of refraction. 

Now wo have scon that the index of refraction is the quotient of the sine of the 
angle of incidence by the sine of the angle of refraction, that is : 

sin 0 

But by the principle of similar triangles, PQ being normal to CD and NPN' to 
AC, the angle of refraction 0 is equal to Also the angle of incidence 6 is made up 
of the two triangles NPS and SPO. But NPS is equal to 0, that is, to and SPO is 

equal to half the angle 5 of minimum deviation, that is to For the angle of 

minimum deviation 5 is the angle between the direction of the incident ray OPT 

which is that of the direct reading of the slit image— and the direction of the emergent 
ray QR. If we draw QV X)arallol to OPT, the angle VQR is the angle of minimum 
deviation 3 in (iue.stion. Now, as the angle WQR, part of this, is equal to SPO, and 
the angle WQV, the other part, is also obviously equal to SPO by construction, the 
whole angle 5 of minimum deviation RQV must bo double of the angle SPO, that is 

SP0 = *- 

Hence, the whole angle of incidence NPO is the sum of half a and half 5, that is : 


,5 a+5 


2 2 


Sl% i 


Consequently, the refractive index fi, which by definition — is 

sin 

represented by the expression : . • 

. a + 8 

sm- 


ThuB the lebaotive index is egoal to the sine o! hall ttw anm ot the 
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anitlef (A the prism and of minimum doTiation, divided by the sine of half 
the prism-angle.^ 

Relation between Refractive Index and the Polarising Angle.— As we 

now thoroughly understand the meaning of rtdractive index and its mode 
of practical determination, we are in a jjosition t-o inquire more closely 
as to its relation to the most favourable angle for the complete polarisation 
of a ray reflected from the plane surface of a trsn8j)arent solid. 

An extremely simple law was discoveretl by Brewst-er to apj)ly, namely, 
that the polarii^ a^e is that angle the tangent of which is equal to the 
index of refraction. 

If in Fig. G03 XOX' represent the surface of the glass phitc and YOY' 
the normal to the plate, and if AO be the incident beam and 0 the 
angle of incidence A()V', then OB is the 
direction of tiie reflected ray, making 
also the angle 0 with OY. Now Brewster 
found experimentally that to produce the 
maximum polarisation the angle AOY 
must be such that the (lire<‘tion of the 
refracted ray OC within the glass (COY' 
being the angle of refraction (f)) must be 
at right angles to the reflecUnl ray OB. 

Hence the index of refraction /x 
becomes : 

^sin 0 _ sin 6 sin 0 « 

^ .sin ^ sin - 0) cos 0 

That is, the index of refraction is equal to the tangent of the angle 
of incidence when maximum polarisation occurs. 

Hence, if we look out in a b(M)k of mathematical tables the angle the 
tangent of which correspomls to tin* refractive index, winch is known, 
that angle is the most favourabh* angle for )K)larisation by reflection, 

The polarising angle niay be also stated as that angle of incid* 
enoe for which the reflected polarised ray is perpendicular to the 
refracted ray. 

This law is absolutely true only for light of a siK-Vific wave-length, 
light of each w'ave-length having its own jmlarising angle. 

In the following table are given the polarising angles, using sodium 
light, for crown and flint glass, and for natural glass, obsidian, which w 
much 4 ^fled in making the plates for glass j)olaris(*r8 ; also for water, the 
still surface of which is effective aa a |K)lariser at an unusually low angle, 
corresponding to they low refractive index ; and for diamond, the angle 
of polarisation of which is very large on account of its extremely high 
refractive index. 

* The absolute refractive in(lex#n vacuo is obtain^ by applying a correction for 
the refractive index of air relative io a vacuum, which i« 1 (X)029. The correetkm 
amounts to 1 0 0004 for refractive indices from 1.30 tn 1-57, 0 0005 for indices 

beyond this up to 1-89. +0 0006 for indices higher than this up Ut 2 21, and 4(^0007 
for siiJI higher indices up to that of the diamond {2 4669). 

VOL. n ^ 
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Refractive Index. 

Polarising Angle. 

Water .... 

13334 

63“ 8' 

Obsidian, natural glass . 

1-4964 

56 15 

liight crown glass . 

1-6163 

66 35 

l^iglit Hint glass 

1-6798 

67 40 

Diamond .... 

2-4669 

67 66 


Dispersion. — The fact that the refractive index of a solid, liquid, or 
gaseous substance, that is, of any material substance, is different for light 
of different wave-lengths, is clearly exhibited by the results of the 
determinations of refractive index by the 60°-prism method. That the 
difference is a regular one is also demonstrated by the production of a 
definitely graduated coloured synictrum by such a prism, the colours 
following the order of the wave-lengths, red being at the least refrangible 
end and violet at the most refrangible end of the spectrum. 

It was with the aid of a glass prism of somewhere about 60° angle 
that Newton first discovered the composite nature of the white light of 
the sun, and showed that the different colours are deviated to different 
amounts by transmission of the beam of white light through the prism, 
and that it may be projected as a spectrum on a white screen. This 
inequality of refraction of the various colours of light, or more properly 
expressed, of light of the })rogressively varying wave-lengths, due to the 
regular progression in refrangibility as the wave-length changes, differs 
in its amount in different media, and the difference is expressed by the 
relative length of the spectrum, or, as it is called, the “ dispersion.” 

That this difference of refrangibility for different wave-lengths is a 
truly progressive property is shown by the fact that the refractive index 
jji can be expressed by a general formula for any wave-length A, the well- 
known formula of Cauchy, 

C 

where A, B, C are constants special to the medium, the substance of the 
prism. This formula expresses the fact that waves of short period and 
wave-length are more highly refracted than those of longer period, and 
that the inferior limiting value is fi = A, when the wave-length becomes 
theoretically infinite, and the second and third terms zero in con8e(jtienr‘e. 
The formula, when used to the extent of the three ^ferms quoted above, 
expresses the results for the visible spectrum very accurately, but fails 
when an attem})t is made to extend its application to the dark infra-red 
radiations and those of radiant heat. The practical application of the 
formula will be found described and illusfeated in Chapter XLVI. The 
mode of finding the constants A, B, and C, by use of the results for the 
three wave-lengths corresponding to the red hydrogen line C, the yellow 
sodium line D, and the green thallium line, will also be defi^erybed. 
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The explanation of this important property of SpMtril Diipeiakm is 
given by Preston^ as follows. Rays which are refracted by different 
amounts on entering any medium must travel through that medium with 
different velocities, the relation between the absolute refractive index 
(the refractive index of the substance in vacuo, alwut O-OOOl greater than 

that for the substance in air) and the velocity for any ray being 

where Vq is the velocity in vacuo, free space, that is, in the ether, and v 
is the velocity in the substance. The velocity is the same for light 
of all colours. For dis|)er8ion does not exist in free space, but is entirely 
a phenomenon arising from the interaction of matter and the ether of 
space. The constancy of Vq for all waves of the visible 8i)ectrum, from 
red to violet, has been proved from astronomical considerations concerning 
regularly variable stars. From all these facts Cauchy show(‘d that the 
velocity will in general be a function of the wave-length A, and he arrived 
at the following formula expressing the fact : 

o bed 

from which it follow.s as regards the refractive index that : 

. B C 



which is the formula already referred to as expressing the refractive index 
fx for any wave-length A. 

A formula expressing still more closely the facts for the visible spec- 
trum, and which also holds good for the dark rays of the infra-red, is the 
following, due to Briot : * 

.a +A+^,+^,+ . . . 

Briot showed that matter affects the ether in two ways: firstly by 
modifying its distribution in the body, which gives rise to the Cauchy 
series, and secondly by exercising a direct action on its motion when 
vibrating, which introduces the term kA*. 

Diffr^om-— It has already been mentioned on page ?94 that the faf;t 
that light waves are not infinitely small, but have an ap|)reciablc length, 
var 3 ring fromO'OOOl to 0-0CX)8 millimetre, is responsible for the jihenomenon 
of diffraction, exhibited when light is incident on a very sharj) edge or 
succession of edges, such as the two fine edges of a narrow slit, the striae 
on a stilated crystal-face, or the “ rulings ” of a diffraction grating. 

For the light wa^es do show some deviation from the rectilinear 
course in passing by the edge of an opaque obstacle, and to the extent 
which could be expected from the minute length of the waves ; that is, 
they do bend round an adequately sharp comer, and instead of going 
on in the original straight path they div«»rge to the extent to be expected. 
Also when the light waves pass through a very small aperture, comparable 

' Theory of ft Co.), p. 485. 

* Eap^sor U th^rie m»Ui4m«ttqae do U lutnUre, Pans, 1864. 
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in size to the wave-length, they do not emerge as a sharp line, ray, or pencil 
of light, but diverge in all directions. Such deviations give rise to the 
phenomena of iris-coloured diffraction fringes, both rectilinear and circular, 
and the many observed beautiful complicated patterns, dependent on the 
shape of the orifice, edge, or fine obstacle. 

The principle may be well illustrated by concentrating the light from 
an electric arc lantern on a very narrow slit, A in Fig. 604, which may 
subsequently be considered as the source of light. If another slit B, 
opened wide, say to about an inch of opening, be placed at a distance of 
7 or 8 feet from the narrow slit A, and in the beam or cone of 
light from tlu' latter, and the light passing through this wider slit B be 
allowed to reach tlie usual lantern screen (', the two borders hh of the light 
patch on the screc'n, tlu‘ shadows of tlu^ edges of the slit B, will be seen 
to be (juite shar[)ly d<‘fined. But if now the slit Ji be narrowed, as indi- 
cated at IV, the new boundaries b'b' are observed to be no longer sharp. 


C 



C 


Fio. 004.— KKiKTiinoiit Illustrating the J’rlnci|)lo of Dllfractlou. 

but to be diffused to c and coloured, owing to the bending of the light 
waves round the sharj) slit-edges into the shadow which geometrically — 
from the rectilinear propagation of light — should be expected, and to the 
presence of but* little unaffected and irradiating white light coming 
through to illuminate the shadows. The narrower the slit B is made, 
the more diffuse and brightly coloured is the line of light along its edges, 
and under the best conditions three distirict iris-coloured fringes are seen 
passing into the shadow on each side. 

It is ])articularly interesting to use two slits instead of one a2 B, as 
then in addition to the bending of the rays we have also the interference 
of the light from the two slits coming into play, producing interference 
bands, the separation of which from each other is the greater the closer 
the two slits are to each other. If the number of slits at B be multiplied 
we obtain the effect of a diffi action gratings there being produced a central 
sharp white image and a separate spectrum-image on each side of it, that 
is, an image showing no white illumination but instead all the colours 
of the spectrum in their proper wave-length order. ^ 


cr®cr>^<5 cr 
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Lord*! Bayltigh’s Interference Appiratns.— A tniinplo but very effective 
arrangement, on the lines of the two slits at IJ just referred to, for lutxlucv 
ing interference bands has been devised by the lute Lortl Rayleigh, whii'h is 
equally good for eye vision or s<Teeu |)rojection. It consists, as originally 
constructed by I^onl Rayleigh (the author possessing one of these effective 
little instruments, by the kindness of the present Lord Rayleigh), (»f a card- 
board tube 1 foot long and 1 * th inch outside ilianiet^T. blackened inside and 
closed at each end with an opaque iliaphragni. That at one end is simply a 
metallic disc pierced by a slit, which is Ifi milliinetres long and slightly over 
half a millimetre wide in opening. At the other end the closure is effected 
by a Slivered glass mirror, with retlecting sid<* lacing outwards but protectinl 
by the glass ; in the silvering two very fine parallel lines 8 mm. long are 
ruled, cutting quite through the silver. an<l about om*-tenth of a millimetre 
apart. On looking up to a bright sky (best with white clouds) through 
the tube, with the double line (pair of line slits) nearest the eye and the 
coarse slit end direct<*d at the sky, the bands, a dozen or more of them 
according to the illumination, are seiui (pule clearlv, sjuiced parallel to 
each other at regular intervals apart. Kig. bOb will afford some idea 
of them in black and white. Those in the 
centre are nearly black with loloured 
margins, but the intensity fades off on 
each side witli every successive band mon‘ 
and more, w'hile the ins l oloration becoim‘s 
at first more marked, then in turn fades 
off. If directi'd at or very near to the 
sun at least seven bands on each sidi^ of 
the central band or pair of bands < an be 
seen. In monochromatitt light, directed fio. wi.'i -iiiffradlon iiiindu i»b nftirUed 

, 1 /I / • 4 4i 1 1 •>> lUylcluli’M Apiwmtmi. 

at a sodium flame for instance, the hands 

are black, dee|M*st at the centre (»f the series, on a ground of the colour 
of the light used. For [>roje< tion pur|M>ses it is only necessary to arrange 
the tube in the axis of a suitably narrow beam from the condenser of an 
electric lantern, and to follow it with a proj(‘ction lens to project the 
image of the interference bands on the screen. The latter requires to 
be fairly close and the image to be not too large, as th/ amount of light 
transmitted is obviously small. The screen image (an Im‘ obtaimsl (piite 
large enough, however, .say one to two feet sipiare, to be clearly visible 
to a small audience. 

Fr6Snel^8 Bi-prifin. — The well-known method of obtaining inU*rference 
bands %nd projecting them on tin* screen hy means of Fresners bi-prism 
should also be mentioned. The hi-prism is simply a glass prism of isosceles 
triangular section, but in which the two e(jual sides are so obtusely inclined 
as to form almost the same plane, the angle only differing by a very few 
degrees from 180° ; in other words, it is an exceedingly low and therefore 
very thin prism. The best sizJfe for projection jiurfioHes is about 2 inches 
square, and it is mounted at the centre of a circular screen, with suitable 
square aperture for the purpose, carrietl on a firm stand adjustable for 
height. An .^hromatic projecting lens of about 8 inches focus and 3| 
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inches diameter is most suitable for projecting the interference fringes 
on the screen. A slit replaces the ordinary lantern projection lens on the 
optical front of the lantern, and the object stage of the latter is 
advantageously occupied by a large cylindrical lens of 5 inches focus 
to condense a parallel beam of light from the ordinary lantern condenser 
on the slit. From the slit the light diverges upon the bi-prism, which 
has its basal face turned towards the lantern to receive the rays, and 
per})endicular interference fringes (parallel to the refracting edge, the 
upright middle line, of the bi-prism) appear on the screen, and can be 
made clearer and 8harj)er by interposing the achromatic projecting lens 
so as to focus them on the screen. 

The theory of the bi-prism is simply that it behaves like two adjacent 
prisms of very small angle, the rays through which are refracted at a 
very small angle to each other. The object projected being a slit, the 
two sets of rays behave as two very near slit origins, and interfere as in 
the two-slit experiment. 

The Diffraction Grating. — It has been mentioned on page 387, in the 
section concerning striated crystal faces, that a very finely striated face 
acts like a diffraction grating, affording instead of a single white-light 
reflection of the goniometer signal a central widened white image and a 
series of spectra on each side. The diffraction grating, as used in s|)ectro- 
scopy, is a finely polished surface of either glass or speculum metal ruled 
by a fine diamond point at perfectly regularly spaced intervals with 
a vast number of truly parallel lines, the most useful number being 
about 14,000 or 16,000 to the inch. It may be likened to a series 
of parallel bars (the opaque rulings on the glass plate, or the non- 
reflecting grooved rulings on the speculum metal) regularly arranged 
very close together, which stop the light rays actually striking them, 
while the rays arriving opposite the intervals between them (the clear 
glass interspaces or the reflecting interspaces of polished speculum surface) 
are permitted to pass through or to be reflected. Each interval may be con- 
sidered as a source of light. A transparent replica cast in celluloid, such as 
are made by Thorpe of Manchester, of one of Prof. Rowland’s speculum 
metal 14,000-line8'to-inch gratings, with 14,435, 14,438, 14,472, or 14,486 
lines to the inch,, forms an excellent grating for experimental purposes at 
a comparatively slight cost, for use either by transmission or reflection. 

From each of the separate interval-sources the light spreads out (is 
diffracted) in circular waves. If the incident wave be plan3, and if it 
fall normally on the grating, all the waves obviously start from the 
rectilinear openings (or lines of reflection) in the same phase of vibration, 
and a plane wave parallel to the grating is produced and travels in the 
direction of the normal to the grating. It may be brought to a focus 
(affording an image of the source of light) by a lens, on a suitably arranged 
screen. But if the direction of the light from the succession of centres 
be not normal to the plane of the grating, as in Fig. 606, in which AB 
represents the plane of the grating and AC the direction of the light, 
then from the separate centres B, o, c, c, etc., we have a succession of 
spherical waves starting in the same phase, and such that^f oib represent 
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one whole wave, then B r^presente no difference, cd represents two whole 
waves difference, ^ represents three whole waves difference, and so on, 
the light from each successive o})eniug being retarded one whole wave 
behind that from the previous opening nearer B. A lens will again bring 
them to a focus in an image of the source of light, but as the wave-lengths 
are different for different colouis it will only do so for the monocliroinatic 
light corresponding to the exact wave-length nh. In white light, therefore, 
the giating will bend the light of the diffeient colours at different angles, 
the shorter blue rays least, and the longer red rays most, producirig a 
spectrum. 

Moreover, if the inclination of A(’ to AB be such that the light from 
the successive oi)ening8 differs by two whole waves we shall again obtain 
an image in monochromatic light, and a corresponding sjHH'trum in white 
light, and this spectrum is said to be of the second order. Similarly, at 
yet another angle AC of reflection or transmission with respect to the 
plane of the grating AB the difference of phase of successivi* elements 



will l)e three whole waves, and another spectrum, of the tliird order, is 
produced : similarly, up to the nth order. These specitie angles of 
diffraction 6 may be represented in general form as 6^. 

A coarse grating of 6(K) rulings to the inch will afford, in the same 
field of view, the central white-light image of the slit and three orders 
of spectra on each side of it. But a fine grating, such as the Bowlarid 
grating of 14,000 lines to the inch or its Thorpe rejilica, will prtxluai much 
greater separation of colours (dispersion), the rule being, the finer the ruling 
the higher the dispersion ; and the large Rowland concave gratings used 
in spectroscopic research, with 20,000 lines to the inch, affoni first order 
speetfc as much as four feet long. Moreover, such a grating 8i>ectrum 
has the great advantage over a prismatic H|)ectrum that when the angle 
of diffraction is small the dispersion is regularly proportional to the wave- 
length for the different colours, that is, the red end is not relatively crowded 
together and the blue end relatively more diffused, as it usually is in the 
spectrum produced by a prism. The spectrum, up to and including that 
of the third order, is also pure, there being no overlapping or mixture of 
colours. Hence, the standard spectrum is that produced by a grating. 

If the to^l number of openings (spaces between the opaque or 
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unreflective rulings) in the grating be N, then there will be N whole waves 
between A and C (Fig. 606), the total difference of path ; this corresponds 
to the first order 8|)ectrum. The second order spectrum will correspond 
to 2N waves, the third order spectrum to 3N waves, and the wth order 
spectrum to /iN waves. The efficiency (resolving power) of the grating 
depends on the order n of the sjiectrum and the total number of lines N 
in the grating, that is, it depends on nN. The spectra beyond that of the 
third order, however, begin to overlap, and do so more and more as the order 
progresses, so that to obtain a pure spectrum, such as has been commended 
above as a standard, the order must be low, usually the first, but not 
superior to the third. The light intensity also diminishes rapidly as the 
order increases, the first order spectrum being by far the brightest. All 
these considerations require to be borne in mind, therefore, in choosing a 
grating spectrum for use in any specific research. 

The diamond ])oint, and also the personal equation of the maker of 
the grating, have much to do with the nature of the spectrum obtained. 
Occasionally a diamond, by chance, is obtained which rules a grating, 
in the hands of a certain skilled maker, affording a second order spectrum 
of maximum brightness instead of giving as usual a pre-eminently bright 
first order s[)ectrum. Such gratings are highly prized, for a diamond 
which enhances the order of the spectrum (but not beyond the third) 
into which maximum light is condensed, and especially one which throws 
practically all the light into that one higher order spectrum, is producing 
a grating of maximum pos.sible efficiency. 

As already stated, the material on which the rulings are made may be 
either plate glass (truly jiarallel surfaced) or finely polished speculum 
metal, and the ruling machine is provided with a very accurate number- 
recording apparatus. Rulings have been made on s])eculum metal so 
fine and close as to present no less than 120,000 lines to the inch, by the 
late ]*rof. H, J. Grayson of Melbourne, and the author has experimented 
for the purpose of the work in connection with tin; Im])erial Standards of 
Length (sec Chapter LVUI.) with a great variety of Prof. Grayson’s rulings, 
especially those of 40, OCX), 50,(X)0, and 60,000 lines to the inch ; they 
have been ruled also on other substances besides glass and speculum 
metal, namely, on .gold, platinum-iridium, Baily’s metal (16 parts copper, 
2i parts tin, and 1 part zinc), and invar (nickel steel). Those of 120,000 
to the inch afford the limit of microscopic resolution, with the highest 
power objectives yet constructed. Those of 60,(X)0 are resolvable with a 
l/16th inch immersion objective, and even with the dry objectives of that 
power specially constructed by Mr. Conrad Beck for the two micro8c05)e8 of 
the wave-length comparator designed by the author for the Standards 
Department of the Board of Trade (see Chapter LVllL, Fig. 902). The 
rulings of 40,000 to the inch on speculum metal are so readily resolved 
by the two microscopes in question that the lines appear as sharply defined 
as spider lines, and any one ruled line can be readily brought and adjusted 
midway between the two parallel micrometer-spider lines of the micro- 
scope, and a portion of clear white interval be left on each side of each 
of the two spider lines. 
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It is interesting to remember that inch is the wave-length of 

red light. For that of red hydrogen C-light is inch, and that of 

red cadmium light is ^ 9 1 1 ^’he fact that it is j) 08 sible to see these 

lines so clearly, although the spaces between tliein (which ap|)ear just a 
little thicker than the actual rulings) are only of the order of a half-wave- 
length of red light, is a particularly interesting physical fact. These ex- 
ceedingly fine gratings of 40.(MX) lines to the inch are proving of great use 
in interferometric work, but for spectroscopic work are not serviceable, 
rulings of 14,00()-20,0(X) to the inch being of inaximuin use, es|H'cially the 
celebrated 6-inch gratings ruled on a space of 5.} inches hy IVof. Howland 
with 20,000 lines to the inch on a concave spherii'al surface of jMilisljed 
speculum metal of 21 *5 feet radius of curvature. For all general spectro- 
scopic purposes the Kow'land gratings on sjieculum metal with 
or 15,000 lines to the inch, or the Thorp<‘ transparent rejilicas cast in 
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celluloid and mounted on plane-parallel glass, are excellent. Z(*eman, 
in liis celebrated work on the doubling and tripling of the liright spectrum 
lines of incandescent vapours under the inlluence of the magnetic field, 
used a concave Rowland grating w'itli 14,45H lines to the meh and a radius 
of curvature of ten feet (see jiage 7H5 for further practical details). 

For projection [lurposes the rulings of Nobert, ‘KXXl and OCHX) to the 
inch (straight lines ruled with a diamond point on glass), or their phoUj- 
graphic reproductions, and also the diffraction gratings of .‘5U0f) straight 
lines to the inch made specially for projeetion j)ur|>oses hy Mf'ssrs. Newton, 
a£for(^xcellent screen ai)ectra. Messrs. Newlon also make a very effective 
circular grating for projection, with 5488 circular lines to the incli 

There are two methods of using a grating, the normal method, and 
the method of tninimnm deviation. In the first the incident rays are 
caused to strike the grating normally, and in the second at an angle less 
than 90°, which is such that the deviation of the ??tli spectrum is a 
minimum, this being the case when the angles of incidence and diffraction 
are equal ; for this angle the spectrum exhibits the clearest definition. 

Considering first normal inoidanco, the conditions are represented in 
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Fig, 607, supposing the light to be incident from the left and to be 
diffracted towards the right, and the clear intervals a between the rulings 
to be approximately equal to the thickness b of the actual ruled opaque 
lines. If Ml M 2 be successive first-element edges of two consecutive 
intervals MjMi, MgNj, and if MjDjDa be drawn p€r|)endicular to the 
diffracted rays, 6 being the angle of diffraction, then it will be obvious 
that the difference of ])ath between the first element of the first aj)erture 
and t })0 first element of the second a})erture is MgDg. Now, if this be an 
even number of half-wave-lengths the light from the two sources (elements) 
will mutually reinforce, whereas if it be an odd number of half* wave- 
lengths there will be extinction if monochromatic light be employed or 
colour if white light be used. That is, as 

^^^^t^^ -sin $, or M 2 D 2 = {a-f 6) sin 9, 
for light reinforcement we have 

M 2 l >2 - 2« . or {a -f h) sin d = 2» . ^ = n\. 

If we replace a + h by the single letter d, repn^senting the distance 
between the ruled lines when each oj>aque line is imagined to be infinitely 
fine and the whole distance a -t h as the clear apace ])etween two consecutive 
ideally fine lines, we have, for maximum light transmission, 

nX~d sin 9. 

It is interesting that this simple equation is similar to that which is 
proving so valuable in affording us the distance between successive planes 
of atoms, when a crystal is used as a three-dimensional grating for the 
diffraction of X-rays (see Chapter XXX III.). 

Obviously, al.so, from this equation, if we know the number of rulings 
(as we always do, the ruling machine recording it automatically), and 
hence (/, and the order of the s|)ectruin n, and if we measure the angle 
of diffraction 9, we have an exceedingly accurate method of determining 
the wave-length of light, provided that we use a grating in which the 
rulings are of a high degree of fineness and regularity and are adequate 
in number (as in the gratings with 14,000 lines to the inch). It will, of 
course, be clear that the equation refers to monochromatic light, the wave- 
length of which is A. The angle of diffraction obviously increases with 
the wave-length A, so that when white light is used the spectyim is 
produced in.stead of the single image of the source in the monochromatic 
light. The letter n represents the order, 1, 2, 3, etc., » of this spectrum. 

Considering now the case of obliquely incident light, that of minimum 
deviation, the conditions are represented in Fig. 608. The light now falls 
from the left on the grating at the angle of incidence t, and it Is diffracted 
to the right at the angle 9. 

The retardation 8 is now ND -f ND^, and as 

ND « (o -p 6) sin i and ND' = (a -p 8) sin 6 
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we have 


8 “ (a -f t) (sin i + sin ^). 

The position of the «th 8j)(*ctruni is affonled, therefore, by the e<ju«tion 
(a + b) (sin t + sin >/A, 
or wA - d (sin i t sin $„), 


when we represent o + h ))y the single letter <1 for the distaiue between 
the idealised lines. 

The deviation for the wth spectrum is thus i f and tins is a minimum 
when i = 0n. that is, when the deviation is 2i. This obviously occurs 
when the angle of incidence is equal to that of difTraction. Ibmce, for the 
position of minimum deviation, that of e(pial angles of incidence and 
diffraction, wc have 

uX - <J sin 20. 


The Colours o! Mother-of-Pearl and Insects. Infimately rdatecl to tin’ 
})layof colour which a fine grating displays by casual reliection, and to the 
similar colours often shown by the .surfa<<*s of finely jaminated alternating' 
twin crystals, such us those referred to on pages 508 and 510. is the 
iridescence of mother-of-pearl, the carbonat«* of lime shells of the pearl- 
mussel Meleagrina margarltifcra and other bivalves, the chief sonn'cs of 
whieh are the north-W’est coast of Australia, the Pacific Islands, ami tin* 
East Indian Archipelago. It is this same mollusc, and especially a small 
variety of it, found near Sharks Pay, which j>roduccs the loose pearls 
which are so highly valued as gems. An investigation by A. II. Pfnnd ' 
showed that mother-of-pearl owes its <‘oIours to two causes : (I ) difTraction 
of light due to a grating-like structure of the terminal (*dges of sueeessive 
lamina' of calcium carbonat<\ and (2) interference of ligiit due to rellection 
from numerous parallel lamina* of sensibly «*qnal thickne.ss. It was 
found that the thickne.s.s of the laiiiime m many different sjx'cimeiis lay 
between 0*4 and 0*6 of a micron (thmisandth of a milliuH'tre). 

The exquisite iridescent colours exhibited by the wings, wmig-scules, 
and wing-cases of many insects. es|K*cially of h’ltuhtpkra (ImtU'rflies and 
moths) and Coleoplera (beetles), are al.so thosi* of thin jilat^'s and 
diffraction gratings, due to similar structural causes lamination, striation, 
and ribbed structures - rather than Ut pigments. Another cause is also 
the “ metallic ” reflection by a thin surface film. Occasionally also the 
scattering of light by small particles (as in the blue of the sky), the 
dispersion of light by prism-structures, and the combination of pigment 
colouimng (especially green) with structural colours, are found to lie 
further causes of these wonderful colours disjdayed by insects. For 
instance, the gorgedus male.s of ()rnUh()j)lfra jtoscuUm and 0. paradisea 
are emerald green ; they exhibit a bright blue colour due to narrow 
plates of “ chitin ” separated by air-films, standing up at right angles to 
the surface of the wing-scale like r»‘ct-angular teeth of a saw. but thui 
blue is modified to green by a pigment resembling picric acid wdach dyeS 
the chitin plates and the whole scale yellow. In other spc'cics of this 
Frank. Jnst. Joum., 1917, J83, 453. 
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gonus, 0. urvilliana for example, the pigment is absent in parts, which 
appear therefore bright blue, the true colour due to the grating structure. 
There are also more obscure physical causes for the colours exhibited 
by other insects, which have not yet been satisfactorily explained, in 
spite of many distinguished investigators such as Michelson and R. W. 
Wood, and which afford a fascinating borderland study between Biology 
and Physics. An excellent account of researches on this subject of 
insect colouring is given by II. Onslow in Nature, 1920, lOO, 149, 181, 
and 215. 

The Colours of Birds. -These are also due partly to pigments and 
partly to interference. In a communication to the Zoological Society 
on February 22, 1921, A. Mallock showed that an excellent dis- 
criminatory test is afforded by the a})plication of pressure. If the 
colour alters when subjected to pressure it is a case of interference due 
to structure, but pressure does not appreciably affect the molecules of 
pigments. The greater part of the colours of feathers are shown by 
this test to be due to pigments, but the most brilliant are due to inter- 
ference, such as those of humming-birds, ducks, and birds of paradise. 
The structure-layer causing the interference overlies a deep black 
substratum. The spacing of the structure is a multiple of the half- 
wave-length of the light which is reflected, and its regularity and order 
of dimensions ar(‘ clearly revealed under a high power of the microscope. 
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THH OITK'AL KLLIP.SOIW OF ( RVSI \LS AM) DKII HMINATION OF ITS 
<llAHA(rFK 

Thk ch'ttTJiiination of tin* optical cluiractcrs aial constants of crystals 
hoeoiiiPs much simplified when the funilamental fai t is nmiemhered that 
the optical properties are represented in general hy an ellipsoid, which may 
express either the relative velocity of the h^ht Nihrations transmitted in 
all directions throu^di the crystal, or more simply the eorresjiondin^ values 
of the refractive index. Kor the practical operations concerning th(» 
optical properties really resolve themselves into the location of, and 
measurement of the relative directional dimensions of. this eihjisoid. 

In the cases of cry.stals belonging to the triihnic, monoclinic, and 
rhombii- .systems the ellip.soi(l is 
one of the most general form, 
wdth three unequal rectangular 
axes, as represented in light and 
shade in B'lg. fiOlh the axes 
emerging at o, h, and c, a being 
the maximum axis, c the mini- 
mum, and b the intermediate 
axis. The three jirincipal .sec- 
tion planes are all ellipses. The 
difference shown in Fig. fit)*,) 

between the axes a and c is very exaggerated, comparni with what it 
usually is in the optical ellipsoids of crvstuls, which do not differ nearly so 
much from spheres (see Fig. 618, jiage HfiD). In a rhombic crystal tin* three 
axes are coincident in direction wdth the crystallograjihic axes, hy reason 
of th#symmetry In a monoclinic crystal only one is < oinciilent with a 
crystallographic axis^the symmetry axis b, the other two rectangular axes 
lying in the symmetry plane, but unywdicre in that plane ; and m a triclini<‘ 
crystal the orientation of the ellipsoid has no necessary relation to the 
crystallographic axes whatever. In the ews of crystals belonging to 
the tetragonal, hexagonal, and trigonal systems the symmetry nc( essitates 
that two of the three rectangular axes of the ellijisriid are equal, 
converting it into one of rotation, the axis of rotation being identical 
in direction^with the singular axis of tetragonal, hexagonal, or 
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trigonal symmetry. In the cases, finally, of crystals belonging to the 
cubic system the perfection of symmetry causes all three axes of the 
ellipsoid to be equal, so that the ellipsoid becomes a sphere. Obviously 
the ellipsoid of revolution and the sphere are but special cases of the 
general ellipsoid, when first two and then all three of the unequal 
rectangular axes become equal. 

Crystals posseasing the symmetry of any of the five classes of 
the cubic system, therefore, exhibit similar optical properties in all 
directions within the crystal, just as if the crystal were so much glass, 
although this is a consequence of the })erfect symmetry of the homo- 
geneous structure, whereas in the case of glass the effect is due to the 
total lack of homogeneity in the mode of arrangement of the molecules, 
which renders tlie effect equal in all directions simj)ly because it is the 
average effect in a solid which is merely a congealment of a highly viscous 
liquid, the molecules of which are restrained by their own friction from 
})roi)erly arranging themselves. In a cubic crystal, therefore, the refract- 
ive index is the same for all directions, so that there is no double 
refraction ; also there is no “ optic axis ” or direction of unique single 
refraction (shortly to be fully exjilained, and quite distinct from any 
of the three axes of the ojitical ellipsoid, although its direction may 
coincide with that of one of them) developed, for there is only single 
refraction in every direc^tion. Consequently no coloured rings and cross 
(uniaxial as explaiiu'd below), or pair of lemniscate ring-systems and 
dark optic axial hyperbolic brush(‘s (biaxial), are visible when plates of 
the crystal are examined in convergent polarised light. Cubic crystals 
are, therefore, said to be “ isotropic.'’ 

Crystals (Midowed with the symmetry of any of the 19 classes of the 
hexagonal, tetragonal, and trigonal systems exhibit unique optical 
properties along the direction of the axis of revolution of the ellipsoid, 
that is, along the direction of their hexagonal, tetragonal, or trigonal 
main axis, the vertical crystallograjihic axis (excej)t when the Millerian 
rhorabohedral axes are used in the trigonal system, when the vertical 
axis of trigonal symmetry is not a crystallographic axis), while the 
optical properties are different in all other directions. The difference is 
at a ma.ximum in all directions at right angles to the singular axis. The 
crystals are thus endowiul with the property of double refraction. For 
the refractive index ^ along the direction o! ^e singular axis is either the 
greatest or the least exhibited by the crystal, the two possible types being 
termed respectively positive and negative. 

The refractive index along all the directions at right angles to the 
singular axis, that is, along all diameters of the ciscular section of the 
ellipsoid, is obviously the converse, being either the least or the greatest 
refraction which the crystal can show among all the infinite number 
of possible values corre8ix)nding to the various directions within the 
crystal 

^ By ** refractive index along a direction is meant the refractive index corre- 
sponding to vibrations occurring along this direction, and not for the direction of 
propagation of the rays, which is at angles thereto. . 
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Tbe f«fraoti?« indioM tor any dirootioii in the dreolir Motion, nnd tor 
tlie prindpal udi at right angles to that Motion, are thoi the two extreme 
▼alnee tor the crystal, and the difference is the meainre ot the maximum 
doable retraction. A ray of light tranmoittKl along the princi^ml axis, 
and the vibrations of which occur thcrofon* in the circular section at right 
angles thereto, is said to be an “ ordinary ” ray, and the rt*fractiv(‘ index cor* 
responding thereto is distinguished by the sviuIk*! w. Tlie other extreme 
refractive index is labelled e, and corre.H})ondM to an “ extraordinary ” ray of 
extreme properties travelling in the circular section, and tin' vibrations of 
which occur parallel to the principal axis. Thus o) is the greater in negative 
crystals, while for |>ositive crystals e is the larger refractive index. The 
double refraction is consequently oi ~ ; or it may be cxpri^ssinl always us 
€- 0 ), the sign of the rc.Mill then jiidicating that of the double refraction. 

Also the crystal exhibits the pln'iioincnon of an optic axis along the 
direction of the singular axis, the p<isition of which is rendcnsl visible, 
when a section * plate |>erjM*ndieular 
to the axis is examined in the polari* 
scope under cros.'^ed Nicols in con* 
vergent polarised light. For a na f- 
arigular black cro.s.s is observed of 
which the axis forms tin* centre, and 
around that centre are .seen a .senes 
of circular concentric rings; the latter 
are spectrum - coloured when white 
light is employed but black when 
monochromatic light is used, ami 
resemble Newton’s rings. They are 
similarly derived by interference, but 
by the retardation of one set of rays 
behind the other in.stead of by dif- 
ference in the lengths of the jiaths 
of the two sets. The crystals of the hexagonal, tetragonal, and 
trigonal systems are theicforc .said to bt* ** uniaxial/' Tin* reproduction 
of a photograph, taken by the autlior, of the interference figure affonled 
by such a plate of a typical uniaxial sulwtunce, calcite, i.s hhown in Fig. 
610, the Nicols of the jiolariscojK* being crossed for the production of the 
dark field. 

Crystals exhibiting the Hyininetry of the b clas-Hcs of the rhombic, 
monocliiiic, and triclinit* systoms have their optical properties represented 
by the |mral ellipsoid the three rectangular axes of which are of unequal 
l en gths , the relative 9ieafure of which is afforded by tbe values of the 
retraetive index along tbe three respective directions. The measure is a 
direct one or a reciprocal one, ac4X)rding as we define the ellijisoid, the 
diiect measure affording the “ indicatrix ” of Fletcher, and the jxjlar 
reciprocal being the ellipsoid of Fresnel, both of which will be fully 
discussed and defined in Chapter XLI. The three values of the index 
corresponding to these three axial directions are generally labellcii a, 
A and y. 
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It has Ijven jMsinted out that in the case of the rhombic system the 
three axial directions of the ellipsoid are identical with the three 
crystallograpliic axes, by virtue of the symmetry. The relation of the 
lengths, however, is not necessarily similar. 

In the case of the monoclinic system the direction of only one of the 
axes is coincident with a crystallographic axis, the symmetry axis 6, 
the nature of the symmetry conferring the possibility of rotation to 
any extent about this axis. The eliifwoid may thus be so situated that 
its two other principal axes, while still at right angles to each other, lie 
anywhere in the symmetry plain*, the exact position being definite for 
the same Hulwtaiice, but only at the same temprature and for the same 
wave-length of light. Indeed, it is usual for rotation actually to occur 
with change of wave-length, that is, as the crystal is illuminated with 
light of the dilTen'ut colours of the spectrum in succession, and also when 
the temperature is raised or lowered, (lypsum is a beautiful case of the 
change by temperature ; the two rectangular maximum and minimum 
axes of the ellip.soid, while remaining inclined mutually at 90° in the 
symmetry plane, rotate together (with the ellipsoid) for 5° 41' in that 
plan'*, al)out the symmetry axis, when the tenijicrature is raised from 10° 
to 01° according to direct measurement by the author. 

In the casi* of a triclinic, crystal there is no rule or restriction what- 
ever as to the orientation of the optical elIi])soid, whiidi as far as the 
symmetry is concerned (centro-symmetry only at most) may have any 
jiossible situation with respect to the crystallographic axes. 

A natural result of the general ellipsoid having three uneipial axes 
and of the symmetry only controlling tlu*ir directions and not their 
lengtlis, is that while one of them must be the maximum or longest 
axis and another the minimum or shortest, the third axis may be of any 
intermediate length, that is, it may approximate nearer to equality w'ith 
either the maximum or the minimum axis. There are thus two possible 
kinds of these crystals, just as there are of uniaxial crystals, and they 
are similarly termed positive and negative. That variety which has the 
intermediate axis /3 (supposing the ellipsoid to be the exjiression of the 
refractive index) nearer in length to the minimum axis a is termed 
{Kisitive, and that in which the intermediate axis /3 approximates most 
to the maximum axis y is termed the negative variety. Hence, taking 
the three ri'fractive indices as expressive of the axial dimensions of the 
ellipsoid, the determination of thevse refractive indices for the three 
rectangular directions at once fixes the sign or tyjx? of the crystal ; for 
when /3 works out to be nearer to a than to y the crystal is jfcsitive, 
but when /3 is nearer to y the crystal is negative. ^ 

If we consider next the principal section of the ellipsoid, that elliptic 
section the major and minor axes of which are the maximum and minimum 
axes of the w'hole ellipsoid, it will be obvious that there must be 
two diameters of this ellipse, somewhere between these longest and 
shortest diameters and symmetrically placed on each side of them, which 
are of equal length to the intermediate axis perpendicular to the section 
under consideration. Hence there are two sections of th^Uipsoid which 
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are circular, each containing tlie intermediate axi» ami one of the two 
diameters in question. The directions fierpendicular to these two 
circular sections will clearly be comparable to the singular axis, which 
is also the optic axis, of a uniaxial crptal ; for the velocity of light 
\nbration will be equal in all directions per}X‘ndicularly around it, wliile 
either greater or le.ss along it. Hence in convergent jK)laris<*d light 
the phenomenon of an optic* axis, surroundtHl by a series of sj>eetruin 
rings, but differing from a uniaxial interference figim* in being traversed 
by only a single diametrical black bar instead of a rectangular cross, 
is observed througli a plate cut peri)endicularly to either of the two 
directions. Such an interfertmee figure, afforded by gypsum, monoclinic 
hydrated sulphate of lime, CaSO^ . 2H,0, is shcewn in Fig. 61 1 . If a plate 
be cut at riglit angles to that axis of the 
ellipsoid which is the bisectrix of the acute 
angle between the optic axial directions, 
both optic axes will be* M‘en at once in 
the field of view of tlie |K>lariscoj)e, pro* 

vidc^d the angle of the I(*n.s system of the [If [ j /^^^>*^\\\ \\ U 

latter be wide enough to include them HBIIIpbA 

The single bar again stretches across the* 
field diametrically, passing through lM>th V 
axes, a.Hsuming that the plate is so \ 
arranged that this line jjining the axes 
.is paralN‘1 to either of tin* (tosscmI Niccds ; 

but it forms now one iiair of arms of a .. . , 

111 Ai t tio. Oil. — Inl^TlorrtKv KltfUff* iihuut 

Dlack cros.s, trie other pair of arms or onoofti»c*oi>ti(: \x(*Hof(JyiH»uiu, 

cross-bar of which intersects it rectangu- 
larly midway between the two axes, and is usually much broader and 
less deeply black (see Fig. 612 next page). The inner rings soon give 
place to lemniscates like tin? figure 8 as the axes are receded from, 
and these in turn pass into outer ellip.se - like ]ei)iiiiscat<*s near the 
margin of the field. Un rotating the seetion-jilat^*, the black (.tosh 0|j<*n8 
out int.^ a jmir of hyf)erbolie, “ brushes,” the vertices of which are narrow 
and fairly well deftneil ; each vertex pass's thmugli one of the optic 
axes, the jiosition of which it thus precisely indicates, while the wings 
tail off into ever widening but diffusing streams on eacli side. For all 
practical purposes these briwhes afford an excellent means of determining 
the ap|»arent acute angle of the optic axes in air, and it will be shown 
later (Chapter XLVIII.) that by making the observation in a highly 
refractltire liquid insteml of in air, and making also a similar observation 
of the supplementary obtuse angle in the same liquid, by means of a 
second section-plate cut fxrpendicularly to the first to that 

other axis of the ellijisoid which is the bisectrix of the obtuse angle in 
question between the optic axes, the true angle of inclination of the two 
optic axes within the crystal can be remlily calculated with the aid of 
a very simple formula. The crystals of the rhombic, monoclinic, and 
trioUiuc systems are consequently termed ** biaxial.** The interference 
figure afforded^ by a typical biaxial substance, aragonite, the rhombic 
VOL. II 


Fio. fli!. — Inl^rforrtKv Kltfur** 

JMIO of tht* Optic \X(*H of OyiHiuiti, 
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form of carbonate of lime, CaCOg, in the dark field of the {wlariscope, 
with the Nicola croaaed and parallel to the principal axial directions of 
the aection-plate, which is cut perptmdicularly to the acute bisectrix 
of the optic axial angle, is shown in Fig. 612 ; while Fig. 613 represents 
the appearance when the section-plate (or the pair of Nicols simultane- 
ously, actually the case for Fig. 613) is rotated 45° from this position, 
this arrangement being that which is practically employed in the measure- 
ment of the o{)ti(; axial angle. Both figures are reproductions of the 
author’s direct photographs. 

The practical determination of the optical constants of crystals thus 
resolves itself into the following three main operations, which were 
briefly indicated in the introductory pages of Chapter XXXV., but which 
may now be more definitely ex[)ressed. 

(1) The determination of the orientation of the optical elliiisoid, if 
this he not already fixed by the symmetry. As this latter is the case, 
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however, for all hut monoclinic and triclinic crystals, it is only when 
the symmetry of either of these two systems is developed that an 
experimental determination is neces.sary. 

(2) The orientation of the ellijwoid being known, to determine the 
relative lengths of its three principal rectangular axes. This is achieved 
in practice by determining the three refractive indices, a, jS, and y, 
corresponding to the.se three directions of the rectangular principal axes 
of the optical ellipsoid, when the crystal is a biaxial one ; or if the crystal 
be a uniaxial one, by determining the two refractive indices €*Bnd w, 
corresponding respectively to the principal axis of the ellij)soid of revolu- 
tion and to directions perjiendicular thereto, llie difference between 
the two extreme indices, y-a, in the case of a biaxial crystal, or the 
difference of the two indices c and to in the event of the crystal being 
uniaxial, affords the measure of the amount of double refraction. In 
the latter case c is greater than cj when the ellipsoid (indicatrix) repre- 
sented by the refractive indices is vertically elongated like an egg, which 
is the case with positive uniaxial crystals, such as qut^z, so that the 
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double rt'frattioii in then e - w ; but w i« greater than c for negative 
cryatala such aa calcite, the ellijMioiti then being vertically compreaaed 
like an orange, so that the double refraction is tu - c. 

(3) In the case of a biaxial crystal the angle of separation of the 
two optic axes also requires to be deterinimHl, first of all the apjiarent 
angle in air, and secondly the true angle within the crystal. For the 
optic axial angle is a very characteristic pro|wrty of any biaxially 
cr}'8talline substance, and the nature of the disjH*rsion of the axes of 
the elIi[>soid for different colours of light in the cases of nionoclinic and 
triclinic sulistances, is often also of such a sjMM ific character as to enable 
the substance to be identified by means of it. 

In all ca-ses in which the jaisition of the optical cllijisoitl is not fixed 
by the symmetry, the orientation refpiires to bi‘ ilctermineil for light of 
a graduated series of different wave-lengths, at suitable intervals 
throughout the whole spectrum ; for the position differs, as has just lieen 
indicated, for different ('olours of light. Determinations in ordinary 
whiU* light are inadc(piatc, although a crystal is always first explored 
in white light, before proceeding to use monochromatic light, and any 
preliminary adjustments are al.so earned out in white light. Both the 
refrai’tive index and the optic axial angle must imperatively be deter- 
minetl in monociiroinatic light of the same graduated senes of con- 
venient w'ave-lengtiis, so that it is essential to |H)s.sess a ready means of 
procuring monochromatic light, and of supplving it directly to the 
observing instruments. Such an apparatus for prodming light of any 
desired wave-length will be d<‘.scrib«‘d in ('liapter XldV. : it is one which 
has proved of irie.stimahle service to the author in all his crystallograjihic 
researche.s. 

For the jniriKJse of carrying out the three op<*rations above specified, 
which are the fumlaniental essentials of every erNstallographic optical 
investigation, certain jairallel-faccd sect ion -plati’s ami (Kf- prisms are 
required to be cut or ground (or both) out of tlic < rvstal, each having 
two truly plane polished surfaies, accurately oricntat-d with respect to 
the optical cllijisoid. It is the diffn ulty presciile<l by the jiroblem of pre- 
paring these jilate.s and prism.s that has so seriously liind(*red in the 
past the investigation of the ojgieal jtrojMTties <d crystals, but an 
instrument for carrying out tins all-inijMjrtant part of the work, the 
cutting-and-gririding goniometer, has been <icviHcd by the author, which 
accomplishes the task with the minimum of trouble ami the maximum 
of accuracy and jierfection, rendering, imleed. what was formerly the 
most dufBcuIt part of a crystallograplm- research at the same time 
comparatively easy and very iiiU'restmg. It will be dejicribed in 
Chapter XLlIl. 
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It has been shown in the last chapter that the sign of the double re- 
fraction of a uniaxial crystal is negative when a>>e, and positive if ocu. 
PIen(;e, the velocity of vibration being inversely as the refractive index, 
the extraordinary ray moves with the greatest velocity in n gative 
crystals, while the ordinary ray is the quicker in jiositive crystals. 

Quartz, SiOj, and (?alcite, CaC 03 , arc two typical examples of 
positive and negative uniaxial crystals res{)ectively, and their pairs of 
refractive indices for sodium light, and the amounts of their double 
refraction, are the following : 


extraordinary 

ordinary 


For quartz ({lositive) to - I *5443, €-\ *5534 ; c w = 0*0091 
,, calcitc (negative) a> = 1 *6583, e = 1 *4804 ; a> - € = 0*1719. 

Both these colourless transparent minerals are of great use in 
cry8tallogra])hic optics. 

When a beam of parallel rays is allowed to pass tli rough a rhomb of 
calcite normally to one of the pairs of parallel faces, as in Fig. 614, 

or in any other direction than 
the principal axis, it sejiarates 
into two rays on entering the 
crystal. One, termed the 
or^ary ray, behaves as if the 
crystal were cubic, or a piece 
of glass, and leaves the crystal 
parallel to its original direction, 
indeed in the same strajght line 
when the incidence is strictly 
normal. The other, convention- 
ally known as the extraordinary ray, is refracted to one side in any case, 
and emerges laterally displaced, but of course parallel to the origin^ path 
as the two faces of the rhomb through which it passes are strictly parallel, 
being either natural or cleavage faces, each inclined 74® 66' to the other 
pair of faces. The extraordinary ray does not obey the law of sines, 
except when the plane of incidence is perpendicular to the principal axis, 
and therefore a circular section of the optical ellipsoid of. evolution. 
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Fiq. 614.— Passage of Light ttirough 
Rhomb of CaKlto. 
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When the rhomb ia rotated about the direction of the incident ray, the 
two parallel faces through which the ray passes being thus turned in tlieir 
own plane, the extraordinary ray rotates round the ordinary one. This 
may be well shown by focussing on the screen, by means of a projection 
lens, the image of a round a{>erture in a metal plate placed in front of 
the lantern condenser. The anangeinont showm later irj Fig. 636 (page 
858), in connection with another experiment, consisting of four aper- 
tures in a rotatable diaphragm, is a very suitable one, enabling such an 
aperture to l>e chosen as is of most convenient size ; the lens on its adjust- 
able stand is also shown in the figure. On inter|)osing the calcite rhomb 
in the {)ath of the rays, either between the ajK'rture and the lens or after 
leaving the lens, preferably at their crossing- point where the beam is 
narrowest, two images are seen (ui the screen, and if the rhomb bo mounts! 
for rotation (like the double-image prism seen to the extreme right nearest 
the screen in Fig. 63G) one image, that jinsluced by the ordinary ray, 
will be observed to remain stationary if the incidence be normal, while 
the other image due to the extra<»rdinary ray rotates round the lixeil one, 
on rotating the rhoinh. When such a rotating rhomb «>n adjustable 
stand is used, the whole apjiaratus is precisely as sliown in Fig. 636 
without the large Nicol pri.sin. 

If, instead of a natural rhomb, a G()"-prisni of ealcite be employtil, 
and a rectilinear slit instead of a rouml aperture in front of the lantern, 
two 8[>cctra an* afforded on the screen, both rays being now refracted to 
one side as with a spectroscopic j»riHm of glass, but one ray, the oniinary, 
at a much more considerable angle of deviation than the other, tho 
extraordinary, corresjsinding to its much higher refractive index. 

The exporimont is shown in Fig. 615. Tho elortric lantern in t<» tin* loft, with a 
water cell 2 inches thick in front of tho 41 inch conclenpwr, tho coll Ixiing pcailily 
attachable on a short tubular fitting alwj 4J inches m diainoO r, to tho lantern front, 
Tho oniinary projecting lens and tho carrier bar on whi< h it is a^ljustable by rack and 
pinion (shown in Fig. OtlS, page 860) are entindy removed, tho bar simply unscrewing 
from a boss in tho lantern front; an additional support for it is the little stirrup 
column standing up from tho water cell fitting. 

The slit is canned in front of the water cell, and in the ex]s*riment as j)erformed by 
the author a disc 6 inches in diameter is ein]»loyed having a fixinl jwrraanent slit 
2 inches long and an eighth of an inch wide cut in it, and two vertical bevelled jaws in 
front sliding in horizontal dovetails so as to Iw able to vary tho width of tho opening ; 
there are also two similar honzontal jaws Ixdiind, a<ljustablo in vertical dovetails, 
which enable the length of the slit to l»e vaned. The disc is mounted on a standard 
which is adjustable for height, and the l>ase of which is also provided with a lateral 
adjustOtont in a dovetaile<l bed, which ifsts in turn on a laU^rally elongated mahogany 
base, one of a series of sliders in a mahogany grooved and rabbeteil bed, forming 
the optical bench of the* large projection jiolariscope. At 4, 5, or 6 inches distance 
comes a similarly mounted projection lens of 2| inches diameter, and either 4, 6, or 
6 inches focus. Next is a Urge Nicol pnsm to be destnlied in the next chapter, and 
then the calcite prism, mounted on a little circular table earned on a simiUr adjustable 
standard to those bearing the slit and the lens. 

The amount of separation of the two spectra depends on the direction 
in which the is cut, and of the two refractive indices, corresponding 




838 


ORYBTALLOQRAPHY 


PART III 


to the jwsitions of the two images when the prism is adjusted for minimum 
deviation, one always has the value 1 *6583, namely, that belonging to the 
ordinary ray ; while the other has a value which may vary from 1 *4864 
to I *6583, the latter occurring when the separation of the two rays has 
become zero, that is, when no double refraction occurs, which only 
hap[)enH when the prism is so cut that the ray travels along the optic axis. 



Pig. 015.— KxiKTiiiiont. denionAl rating Rertanmiliir Polarisation of tlie l/wo Spectra 
afforded by Calclte Prism, 


This latter case of a fiO'^-jmsm of calcite cut to afford oniy one 
spectrum, when arranged for minimum deviation, as if it were a prism 
of glass, is one much employed in optics for spectroscopic jmrposes. 
The refracting edge is made per|)endicular to the trigonal axis (the 
optic axis), and the third basal face of the prism (op|)osite to the refracting 
edge) parallel both to this edge and to the axis as shown in Fig. 616. 
When arranged at minimum deviation for any one colour — the incident 
and refracted light rays of that wave-length being then equally inclined 
to the base — the direction of transmission within the crystal-prism is 
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parallel to the base, along the optic-trigonal axis, and the vibrations thus 
occur entirely in the circular section of the ellipsoid prpendicular thereto, 
with equal velocity in all aximuths, corresjwnding to <0 ~ 1 -6583. 

The condition for extreme separation of the two imagOH is afforded 
when the prism is cut in either of two ways, both of wliich ensure that 
one ray vibrates j)arallel to the axis, while the other vibrates j>er- 
|K‘ndicularly to it. The first mrale of cutting is shown in Fig. til 7, and 
the only condition is that the refracting nlgc shall be parallel to the 
axis, the prism being orientated anyhow an»und that axis. Whatever 
be the orientation, a beam of immoehromatie light entering at minimum 
deviation is transmitted through the crv.stal perpendieularly to the axis, 
and is separated by the ery.stal into two diMim t rays, ('omjiosed of two 
sots of vibrations, both occurring at right angles to its jiath, one set 
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vibrating in the circular section perpendn ular to the axis, and tin* other 
set vibrating parallel to the axis. Obviously, therefore, there will l>e 
two images of the slit afforded, corresjxmdmg resjiei tively U> oj -l'fibHS 
(as always for a ray vibrating in the circular fM*ction), and to €~1’4864 
(that formed by rays vibrating jiarallel to the axis). 

The second mode of cutting the prism is so that the refracting edge 
18 periiendicular to the jirincipal axis, and also ho that tin* axis bisects 
the refracting angle, as shown in Fig. ()18. In this case the monochro- 
matic* beam traverses the crystal-prism at minimum deviation in the 
circular section per[yndicular to the axis, and the two rays into which 
it divides vibrate jmrallcl and jicrpeiidicular (in the circular section) to 
the axis respectively, the former corresponding to c = 1 4864 and the latter 
toa) = l-6583. 

The images of the slit in monochromatic light, or the sjicctra in white 
light, are thus separated at the maximum jiossible distance for calcite by 
these two latter prisms, so that, as we shall see when we come to the prac- 
tical determi|»tion of refractive index in (’hapter XLVI., such prisms each 
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afford the two indices cj and e directly. Moreover, the images are formed 
by rectangularly plane-polarised light, one image extinguishing when a Nicol 
prism introduced in the path of the rays is arranged at its 0® position, 
and the other disappearing when the Nicol is set at 90°, the former being 
that produced by light vibrating parallel to the refracting edge of the 
crystal-prism. In the case of the prism represented in Fig. 616, the 
unique image never extinguishes at all, for any position of the Nicol, 
the prism behaving in this respect also as if the crystal were singly 
refractive. 

The Nicol is shown in position in Fig. 615 for demonstrating these 
facts, the 60°-prism actually used being of the type shown in Fig. 617, its 
refracting edge being parallel to the optic axis. 

These })henomena with calcite are typical of uniaxial crystals in 
general, and the three above described modes of cutting 60°-prisms are 
equally aj)plicablc to any uniaxial substance. The values of the indices, 
the corres])onding aniounts of se])aration of the images, and the dispersion 
of each spectrum in the cases of the two latter prisms (Figs. 617 and 
618), as well as the order of the values corresponding to |) 08 itive or negative 
character, will vary for different sub.Htance.s, but the principles are the 
same. 

Thus, in uniaxial crystals the ordinary ray always vibrates perpendicu- 
larly to the axis (along a direction parallel to a diameter of the circular 
section) and with the same velocity ; it is consequently transmitted equally 
in all directions, and has a spherical wave-surface. Its refractive index w 
is the maximum index in the ca.se of calcite (1 -6583) and all other negative 
uniaxial crystals, but the minimum index in the case of quartz (1 *5443) 
and all otluT positive uniaxial crystals. Its velocity is the converse, 
namely, the minimum for a negative cry.stal and the maximum for a 
positive one. 

On the other hand, the extraordinary ray is unequally transmitted 
in different directions, other than those lying in the circular section, and 
its wave-surface is thus an ellipsoid of revolution. In negative crystals 
such as calcite, the velocity of transmis.sion becomes greater, and the 
refractive index conversely less, as the direction of the principal axis 
is left and that of the circular section approached, until for directions 
lying in the latter the maximum velocity and minimum index is reached. 
Thus the extraordinary ray in the case of calcite (negative) has its mininintn 
refractive index 1'48M when transmitted perpendicularly to the axis, its 
vibrations being parallel to the axis ; and it has its maximum index 1 *6583, 
equal to the ordinary, when it travels along the axis, its vibrations^lbeing 
perpendicular thereto. Hence \ibration8 parallel jto the axis always 
afford the index 1*4864, and vibrations perpendicular to the axis yield 
1*6583 as the numerical value of the index. The opposite is true of 
quarts (positive), the velocity diminishing and the refractive index 
increasing up to a maximum of 1*5534, as the direction of transmission 
recedes more and more from the principal axis until it finally becomes 
perpendicular to that axis. 

The forms of the wave-surfaces of the ordinary and* extraordinary 
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rays of a negative uniaxial crj'stal are represented in vertical set'tion in 
Fig. 619, and those of a positive crj^stal in Fig. 620. It will be olwerved 
that in the former case the circle representing the wave-surface of (he 
ordinary ray is inside the elliptic section of the extraordinary wave- 
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surface, giving the ^\lu>le figure a flattened sliaj)e ; while in the latter 
case the circle is outside. 

If we draw the ellipsoids of revtdiiiion representing graphically the 
refractive indices, for a n<‘gative und a positive crvslal respeidively, we 
obtain an oblat^' spheroid in the former cas<\ and one standing up like an 
egg in the latter case, as shown likewise in vertical section in Figs. 621 
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and 622. Such an ellipsoid of refractive index is the “ indicatrix ” of 
Fletoher, which will be discussed more fully in connection with biaxial 
crystals in the next chapter. 

In each of the cases represented in Figs. 621 and 622 the indicatrix 
resembles the extraordinary wave-surface. 

For the determination of the shape of the wave-suiface it is necessary 
to measure t||a two velocities of propagation of the extraordinary ray, 
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when it travels respectively parallel and perpendicular to the axis of the 
crystal. For the ratio of these quantities is that of the two axes of the 
ellipse which generates the wave-surface ellipsoid of revolution. As 
the former velocity is identical with that of the ordinary ray, the ratio 
in question is : V ordinary : V oxtraordiiwr)', that is, the inverse ratio of the 
two refractive indices and e. Hence, we have only to measure the 
retractive index of the ordinary ray tor any direction, and that of the 
extraordinary ray at its greatest difference from the ordinary when 
propagated perpendicularly to the optic axis and, therefore, vibrating 
parallel to the axis. For it must he clearly remembered that the refractive 
index corre8|)onds to the vibration direction, not to the direction of 
propagation of the ray. Thus the whole matter resolves itself experi- 
mentally into the determination of the refractive index m for light vibra- 
tions perpendicular to the axis, and of the index € for vibrations parallel to 
the axis. 

This we have seen can be achieved by the use of a single GO^-prism 
cut a(‘cording to the metluxl of either Fig. (517 or G18. In the case of the 
jirism represented in Fig. G17, when set for minimum deviation, one 
of the two ray.s into which the beam separates on entering the crystal 
vibrates parallel to the prism-edge and therefore to the axis, and thus 
affords e ; the other vibrates perpendicularly to the axis and to the prism- 
edge, and conseipiently affords a>. A Nicol before the eyepiece of the 
goniometer-spectrometer, wlien arranged at 90"'' (assuming the divided 
circle itself to move with the Nicol and the vernier zero or indicating 
mark to lie fixed at the top of the vertical diameter), that is, with ite 
plane of jiolarisation (parallel to the (f-18(f diameter of its divided circle) 
liorizontal and its vibration direction (parallel to the 90“-270“ diameter 
of the circle) therefori* vertical, lets through only the ray vibrating 
vertically, parallel to the edge of the prism and to the axis, thus only 
pnnitting the c-image of the slit to be visilile ; while at 0° (j)lane of 
polarisation vertical and vibration direction horizontal) the Nicol lets 
througli only the other rays vibrating horizontally, perpendicularly to the 
axis and jirisrn-edge, thus i.solating the to-image. In the case of the 
prism shown in Fig. G18, the image seen when the Nicol is at 90® 
(vibrations, as always for 90®, parallel to the refracting edge) corre8|X)nd8 
to and affords w, while that visible when the Nicol is at 0° gives t. At 
the 45® ])osition of the Nicol in the case of either prism both images 
are seen, but with only their partial intenHitie,s. Their angular separation 
when arranged for minimum deviation depends, of course, on the 
amount of the double refraction. • 

The Nicol of the 8j)ectrometer-goniometer No.^lfl of Fuess, which 
the author always employ.s for refractive index determinations, is 
arranged to move with the vernier, the circle being fixed ; the Nicol is 
mounted so that the plane of polarisation is parallel to the diameter 
passing through the zero graduation of the vernier at the end of the 
radial arm, which moves with the Nicol ; the fixed circle about which 
the arm with its vernier and the Nicol rotates has its 0®-180® diameter 
vertical, the zero at the top, the 90®-270® diameter bei^ horizontal. 
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with the 90® mark at the right. Hence, when the Nicol is arranged so 
that the arm is horizontal with the zero mark of the vernier opjxisite the 
90° graduation, the vibration direction of the Nicol is vertical, aiul thus 
parallel to vibrations of light in the crystal which are parallel to the 
refracting edge of the cry.stal j)ri8m. The image of the slit which is 
then transmitted is due therefore to s\ich vibrations only, the imago 
corresponding to horizontal vibrations )H'rpendicular to these l»eing 
completely extinguished. When the vernier arm is rotat^sl upwards till 
its zero mark is opfxisit-e the 0” graduation, the vibration direction is 
horizontal. The use of such a Nicol in front (»f the eyepiece of the 
spectrometer telescope is invaluable in enabling us not only to isolate 
the image corresponding to either direction of vibration, for measurement 
pur|) 08 e 8 , but also to determine the direction of vibration of the light 
composing any image. 

The determination of both refract ive mdn es co and f at once may also 
be achieved by employing the principle of total rellectn»n. For any plato 
of a unia.xial crystal other than one j>erpendicular to tlu* axis exhibits 
two limits of total rcilection, corresjMniding to the »*rdinary and e.xtra- 
ordinarv rays. The value of the former is alwavs the same, nanu'ly to, 
which can thus 1 m* got from a plate of any ori<*ntation ; but the extreme 
value of the latter is only alTorde<l by the s(‘cond limit wlu*n the plate 
is parallel to a princi|)al section, that is. to the axis, two rectangular 
diameters in it then corresponding to the axis ami its pi'rjteiidicular. 


UksiMk. 

Rays travelling along the ojitic axis (principal axis) of a uniaxial 
crystal affonl only one refractive index. <o, lorresponding to vibrations 
ill the circular section of the optnal ellipsud of revolution. Any ray 
passing oblKpiely through the crystail ami its ellijjsoid is resolved into two 
components. One component is plane- jKilarised m the princijial sei'tion 
(that containing both the direction of the ray and the optic axis) and 
vibrates jierpendicularly thereto along a diamet<»r of the circular fKadion ; 
whatever be the direction of the ray this com}Kmcnt, which is convention- 
ally termed the ordinary ray, consequently always gives the same index 
of refraction, which is symbolised l>y w. The other comjMment is an 
extraordinary ray, and its vibration direction and refractive index differ 
with the direction of the ray. The difference in refractive index from 
that o^the ordinary ray is most accentuated when the ray is transmitted 
in the circular section itself perjiendicular to the singular axis, its 
vibrations being then parallel to the axis ; and this extreme value for 
the second refractive index is characteristic of the extraordinary ray and 
is labelled e. 

Hence, the principal practical task connected with the optical 
properties of uniaxial crystals is to det<*rmine the two extreme refractive 
indices cu and c. Their difference is the measure of the double refraction. 

Thus in gepgral, in all uniaxial crystals any ray is divided into : 
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(1) An ordinary ray, of which the vibrations are always perpendicular 
to the axis, and perpendicular to a principal section and to the direction 
of the ray, and of which the plane of polarisation is a principal section. 
The wave-front is also perpendicular to the direction of the ray, th<^ 
wave-surface being a sphere. 

(2) An extraordinary ray, jwlarised in the plane perpendicular to 
a principal section and imrallel to the ray itself, and of which the 
vibrations orcur in a principal section and perpendicular to the ray, and 
hence parallel to the axis in the special case when the ray is directed 
along the circular section i)erpendicular to the axis. This special case is 
always used for the determination of the refractive indices by a 60®- 
prism cut as in Fig. 617 or 618. The wave-front is also perpendicular 
to the direction of the ray in this special case, and also when the ray is 
propagated along the axis, but generally, for all other directions, it is 
slightly inclined to the direction of the ray, the wave-surface being an 
ellijisoid of revolution and not a sjihere, as in the case of the ordinary ray. 

In a |>()sitive uniaxial crystal the ordinary refractive index co (vibra- 
tions pi'rpendicular to axis) is the minimum, and the extraordinary 
refractive index c (vibratums imrallel to axis) the maximum. Example 
(juartz, SiOg, Wy,, I -51 - 1 . 55 ;^. ^ ’ 

In a negative uniaxial crystal the ordinarv refractive index <0 
(vibrations also perpendicular to axis) is the maximum, and the extra- 
ordinary refractive index € (vibrations also parallel to axis) is the 
nummiim, E.xample, calcite, (’aCO.,, eNfl-M864. 



CHAPTER XL 

CALCITE POLARISING ANt) OOriJLE IMA(JE PRISMS 

It will be convenient at this stage, after having (li.seus,st*(l m detail the 
passage of light through caleite, as a typ4‘ of a uniaxial crystal, to describe 
the construction of the jiolarising jirism devised by Nicol * in the yiMir 
1828, especially as its use has been so markediv denionstrat(*d in the last 
few' pages. 

The Nicol Priam. — This prism of the beautifully jierfect fonn of 
calcite, carbonate of lime, CaCO^. known as “ Iceland spar,'’ affords us 
the most satisfactory means yet dis(o\ere<l of jiroilucmg a beam of 
plane - polarised light. Its importanc(‘ in cryhtallogruplnc ojitics is 
simply incalculable, owing to the absolute transparency and freedom 
from colour of Iceland spar, and the perfection of the jiolarisation, 
Moreover, the “ Nicol,” as it has <-ome to be familiarly called, is as 
effective an analyser as it is a polariser, end the dark li*'ld ohtained with 
a W'ell-constructed pair of Nicols is practically a perfect extinction of 
light, and the imag.^s of objects jiolarised suffer no distortion. 

To construct a Nicol prism a < lear tlawless cleavage rhomboheiiron 
of calcite, about three times as long as broad, is Kele( t»4Ml, such as is shown 
in Fig. 623. It is cardully cut in two haha's along a diagonal plane*, 
APCQ in Fig. 623 and Fig. 624, and AC’ in Fig. 625. The two cut surfaces 
are polished truly plane, great skill being icspiired on ac<*ourit of the 
softness of calcite, and cemented together again, in tlie sarm* iswition 
as before cutting, with Canada balsiun The exact dir<*ction of the plane 
of section is a matter of importance. It is parallel to the longer diagonals 
HE and GF of the end-faces (assuming the four long faces equally 
developed), almost joins two opposite corners A and C of the rlioml>o- 
hedrdb, and makes an angle BA(’ (Fig. 625) of 22’ with the long wlgc 
of the rhomb AB o^ CD. The section-plane is also ]w*riK*ndicular to the 
principal section BAA' (Fig. 623), BA being a long edge and AA' the 
direction of the optic axis of the crystal ; that is, the sectiun-plane is 
perpendicular to the plane containing both the long edge AB and the 

* Edinburgh New Phil. Journ., 1828, 83; 1839, 27, 332. WillUm Nieol 

(1766-1851) was a teacher of Physics in Edinburgh; he was a remarkably skilkkl 
praotiiud worker in optics, and constructed many pnsms with his own hands. He 
was elected a SeUow of the Royal Society of Edinburgh in 1838. 
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shorter diagonal AIJ of the end-face, as well as the optic axis, which ; 
also the vertical trigonal crystallographic axis. 

The natural cleavage end-faces are nearly but 
not quite also perfwndicular to the section-plane, 
the exact angle being 87® 7'. For the edge AB 
(or the strip-kce e = (l()l) which often symmetri- 
cally replaces this edge on calcite) is inclined 
70® 53' to the natiiral end-face r=(0l0) of the 
rhombohedron (see table of aiigles of calcite at 
end of Chapter XXI I L); as the section-plane is 




Fio. Coustruotlon of the Nlool PrUra. 


Kia. 024,— Nlcol Prism vertically 
arramietl to show another 
View of the Section-plane. 



inclined 22 to the edge AB, these two angles, together forming the 
supplement of the angle in question between the section and the end- 
face, make up 92 53 , so that the supplementary angle undei discussion 
is 87® 7'. It is made 90®, therefore, by grinding away 2® 53' in the proper 
direction (thickest part removed at corner A). Indeed the.(jperation8 are 
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conveniently carried out by first making the ends to have, the recjuinnl 
inclination of GS"* to the edges AB and (1>, and then cutting the crystal 
through at right angles to these ends diagonally from A to (' (Fig. 625). 

We have seen that the two rt'fractive indices of calcite for sodium 
light are co = 1*6583 (onlinary ray) and €---l*486t (extraordinary ray). 
The refractive index of (’anada balsam for 8o<iium light is iijterm(Mliat<‘ 
lH‘tween these, namely, 1 *548.' 

Now the index of refrai*tion of the onlinary ray of calcite as com- 
pared with balsam is obviously ” 1 ‘^712. If we calculate the 

* ' 1 •r)4H 

corres}X)nding critical angle tf) for the passage of light from balsam to 
the denser calcite (as reganls the onlinary ray), by fiiuiing the angle the 
sine of which is equal to the reciprocal of this index (see ('hapt^T XXXVII., 
page 811), we have : 

sin (f) == ^ and ^-68'^ ,59'. 

When the incident light ent/<*rs the Nicol prism at tJie end-face HO 
(Fig. 625, upjier figure) it is siqmrated into an ordinary and an extra- 
onlinary ray, as usual for a uniaxial doubly refractive crystal, both of 
which rays are bent by refraction as the incidence is not normal, and the 
ordinary more than the extraordinary lay, <()rres)K)nding to its liigluT 
ndractive index. The variable index of the extraordinary ray (the 
ordinary always being 1 ’6583 but the extraordinary varying from this 
<lown to 1 *1861) is about 1*51 for the particular direction which it takes 
through the prism, practically the same as that of the balsam, tlirougli 
w'hich, therefore, it is readily transmitted. On the other hand the ordi- 
nary ray, always j)Ossessing the index 1 *6583 m calcite whatever the 
direction, arrives much more lient at the balsam layer, which it strikes 
at an angle of incidi'iiee (measured from the normal to the layer) greater 
than the critical angle 68*^ 59' just calculated. It is conscMpiently re- 
flected totally to the side of the prism, where it is absorbed by dull 
lamp-black with which the cork mount is painted. ( ork is always used 
as the mount for calcite jirisms on account of the relative softness of the 
crystal and the general convenience of cork from every point of view. 
The interior of the cork mount is cut Ui the shajxi of tln‘ rhomb, and 
its exterior shajK* is cylindrii al ; it is subsequently mounted immovably 
with cement in a metal tubular mount, which is in turn cajiable of 
rotation within an outer bra.sH or gun-metal tube. The rotation is 
usaally indicated on a silver divided (urcle, either attached U) the outer 
tube or carried by the inner tube as a projecting bevelled flange, and 
thus moving with the prism itself and its inner metallic and cork 
mounts ; a silver vernier or indicating mark is carried by the other tulie. 
The mode of mounting will be clear from Figs. 636 and 637 (jiages 858 
and 859), the latter of wdiich shows on the left one of the pair of large 

* This is the mesn of the values given by Preston {Theory of Light, p. 320) and 
by Soludler and Calkins (taking their highest value) {Amer. Journ. Hci., 1910, 2y, 324), 
Sm table, page ^09. 
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Nicol prisms of 2} inches clear minimum aperture, belonging to the 
author’s j)rojcction polariscope. Both these large prisms, arranged as 
a j)rojection jiolariscopc for parallel light, are shown in Fig. 633, page 
853, and one of them also in use in Fig. 636 in an ex{)eriment described 
later in this cha])ter. 

The only liglit which leaves the Nicol prism is thus that of the extra- 
ordinary ray, the vibrations of which are parallel to the principal section, 
the plane containing AB, the axis AA' (Fig. 623), and the shorter diagonal 
AD of the end-face, that is, the plane of the paper in Fig. 625 The 
plane of polarinatiou is, according to the usual convention, perpendicular 
to this, namely, perpendicular to the plane of the drawing in Fig. 625. 
The direction of the emergent ray is parallel to that of the incident ray, 
but a little laterally displaced. The incident ray must not be inclined 
more than 14° 21)' to the axis of the Nicol, on the side of the acute corner 
B, in order that total reflection of the ordinary ray shall occur. 

On looking through a Nicol prism at an illuminated surface, such 
as a white wall-.'^iTcen or a white cloud in the sky, the limitation of the 
angle of usefulness will be perceived to be somewhere between 15° and 
20°. Then* are two more or les.s clearly marked somewhat curved 
boundaries. One is a blue blind beyond which the field is dark; this 
marks the limit where the extraordinary ray also becomes totally reflected 
at the balsam film. The other limit is the commencement of a series of 
spectrum-coloured interference fringes, merging eventually into a region 
of greater brightness ; the first interference band marks the limit beyond 
which the ordinary ray is no longer eliminated by total reflection, and the 
bright region is that of no a]»parent jwlarisation, where both ordinary 
and extraordinary rays are transmitted. The blue band limit of the 
extraordinary ray begins to be formed when the incident light is so 
inclined to the axis of the Nicol that the extraordinary ray strikes the 
balsam film at an inclination of 7°-10°. These facts will be rendered 
clear with the aid of the lower diagram in Fig. 625. 

The angular width of the polarised field within the prism is about 
14°, which corresponds to a useful field of about 24° in the external air. 

The optic axis makes an angle of 45° 23' with the natural end of 
the rhomb BO or AD, which brings the axis 44° 37 '-2° 53' = 41° 44' 
from the section-plane. The bisecting line of the internal angle is not 
jmrallel to the long edges of the rhomb, hence the origin of the practice 
of trimming the ends 2° 53' in the direction which partially corrects 
this obliquity. The two long edges AB and Cl) are also often trimmed 
to the same extent, so that the joint effect is to bring the axis of the Nicol 
considerably nearer to the bisecting line. 

Many variations on the prism of Nicol have from time to time been 
made, some of wliich will be referred to directly. In the author’s ex- 
perience, however, none arc to be preferred to the original plan of Nicol, 
when carried out by a master hand such as we have fortunately ]) 088 e 88 ed 
in England in the late Mr. C.D. Ahrens (who died early in the year 1918),^ 
who has constructed, as far as the author is aware, all the large Nicola 
1 See Journal oj the QutckeU Club for Juno 1918. 
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in thin country. Sudb iargo priama can now no longer be made, the original 
magnificent deposit of enormous clear rhombs of Iceland apar at Eakif jfirdhr 
(aee page 3i4) having become exhausted. Such as e.xiat are consequently 
very valuable. The two described later in this chapter in connection with 
the authehp’s projection j)olari8co|)e (Fig. 633, page 863) have a clear 
aperture of 2^ to 3 inches, and are one of the few original pairs made by 
Mr. Ahrens. Perhaiw the moat celebrated of these original fwiira of Nicola 
are those of even larger apert»ire constructed for the late Mr. Sjwttifiwoode 



Fio. 620.— Large Xlcol PrlNn l’<iLirU«o|w? hj* Ahrcne In the Sdwe Muwmiiu at South Kenulnfrtun. 


and now in the Royal Institution. Another magnificent ]>air, of the same 
large sfte, nearly 4 inches clear circular a|>erture, have l>een acquired for the 
nation, the author haying had the good fortune to assist in their acquisi- 
tion ; they are now in the Science Museum at South Kensington, where 
they arc mounted, as shown in Fig. 626, as a horizontal table jtolariscope. 
The nearest prism, the analyser, can be rotated from outside the large 
protective glass case in which they are enclosed, and each of a fine (’col- 
lection of quartzes and other polarising objects which accompanied them, 
mounted on a large rotating w’heel, can be brought in turn as desired 
between the pdariser and analyser by manii)ulation of a second large milled 
^OL. IT • H 
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head outaide the case. The Royal Institution possesses a second pair of 
Nicols, 25 inches aperture, formerly also belonging to Mr. Spottiswoode ; 
and also tlie two somewhat larger historic Nicols of Prof, Tyndall, 
besides a single very large Nicol formerly belonging to Mr. De la Rue. 

There is, happily, plenty of smaller calc-spar constantly being dis- 
covered, HO that Nicol prisms for all ordinary crystallographic apparatus 
and the polarising miero.sco|)e are more or less readily procured, and 
form the most efficient of polarisers and analysers. 

As culcite is a soft mineral, hardness only 3 (see Chapter XXIX.), the 
polished ends of a Nicol prism should never be touched for cleaning 
purposes with anything but the softest camel-hair brush, and only in 
the last resort gently rubbed with the very .softest of chamois leather. 
Large Nicols should always be put away with the section-plane vertical, 
as otherwise thin-filni colours are apt to develop in the bal.sam film. 

Trimmed and Flat-ended Nicols. — Some of tho mi>rc recent Nicols constructed 
by Mr. Ahrens have been trimmed tho other way, the end-faces being made to bo 



inclined 74'’ instead of (58° to the natural long edges, and the latter have then also 
been trimmed to follow to the .same e.xtent. The effeet is to throw back the blue band 
and to widen the tield. 

In order to avoid loss of light by reHoetion from the oblique end-faces small 
Nicols arc often made “square-ended,'’ that i.s, with tho ends ])er]H'n(licular to tho 
long edges. 'I’he lateral displacement is also lessem'd. The angle Ix-tween the optic 
^ axis and the end-face is then 2<r 16', and tho 

sect ion -plane is usually made 75 ’ to the 
end-face. J^aeh end is a rhombus showing 
the rhomliohedral angle of caleite, 74” 66'. 
Such a prism is representeil in Fig. 627. 

Foucault’s Prism.- In this caleite polar- 
ifing prism a film of air replaces tho balsam 
joint, and one-thinl the spar suffices. The 
faces are tho, natural ones of tho cleavage 
rhomb, as slumm in Fig. 628, and tho section 
makes an angle of 68” 7' with the basal 
edge AB and 51” with the end-faces AD or 
BC. The incident 'ray » is as usual broken 
up into an ordinary and an extraordinary ray 
on entering the crystal ; tho more refracted 
ordinary ray 0 meets tho air layer at an angle greater than the critical angle, and so is 
totally reflected, while the extraordinary ray c is transmitted. The maximum 
internal angle of separation of tho two limits, however, is only 5” 14', corre- 
sponding to an external field of 8”. There is also a loss of ten ])er cent, of light by 
reflection at the two uncemented surfaces. The limitation of a convergent b^m to 



/A' 

FlO. 028.-— Foucault's Prism. 
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only 8*^ for com|rfet« removnl of one of the mye ui the chief drewback of the priem, 
which ii otherwine very economical of spar. Square-ended Foucault priamt are often 
made, known as Hofmann's or Sorot'a prisma, which are useful wheu very convergent 
light is not required. Their angular field varies from 7® to 8". 

Prasmowaki'Hartnack Priam.- This jointly devise<l prism is a rtH'tangular]Msrallel- 
cpipedon of It'eland spar, and the section is ma«ip from e<lge to edge instead 
of diagonally, alfortling a larger an‘a at which the transnuswon of the extraortiinary 
ray can occur. In ortler to throw bat'k the blue baml as far as ]K>Htuble the MH'tion 
plane is made per]><'ndicular to the optic axis. As will lie obvious from the plan and 
elevation given in Fig. (129, which also show the shape* of the original rhomb fn)m which 
the prism is out. the construction is exceedingly wasteful of spar, and the cost is throe 
times that of a Nicol. It has the advantage, however, of transmitting a much wider 
angular beam, its width of external field attaining a maximum of 41" 54' when linseed 



oil is cmi)loye<l instead of a (ilm of Canada balsam, the angle b<*tween the end-faces 
and the wntion lieing then 70" 5', The ^irisins of this tviK> usually suiiplied by the 
instrument makers have an obliquity of section to end-face of 74 ’ 5', and afford an 
angular width of external field of 1)5 ' O'. 

Qlan-Foueault Prism.— This is a sriuan* ended Foucault prism (with air film) so 
orientated that the section -idane is a principal section, that is, contains the o]itic axis. 
The acc«^l>anying plan and elevation given in Fig. 83d, showing both the xirism and 
the original crystal, will ^-nder the orientation clear. The angle between the end- 
faces and the section is 39" 43'. These prisms are light and small for their a^ierture, 
but the useful field width is only 7'^ 58', and multiple reflection is apt to occur, as 
with all air- film prisms, at the section-surfaces. 

Tiiomptoii Priim. — In this prism deviswl by S. F. Thompson ‘ the section -plane is 

* An excellent account of the late Prof. 8. P. Tbomjison's contributions to our 
knowle^ of polarising prisms will be found in the report of a lecture delivered by 
him to the Optic^ Convention of 1905. 
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purtUel to a principal section, and the optic axis lying in it is at right angles to the 
direction of vision. The more recent form of it also has square ends, and is shown in 
Fig. 631. When Canada balsam is used as cement the angle of Held is about 33°, but 
if linseed oil be used it is increased to 41° 50^ The square-ended form is particularly 
satisfactory as regards producing a field in which the planeness of the polarisation is as 
perfect as has yet been obtained. The angle between the film and the end -face is 76° 5'. 

Ahrens Prism. — In the year 1886 Ahrens introduced a triple prism of calcite 
embodying the same theoretically advantageous principles as Thompson’s, but consist- 
ing of three wedge-shaped pieces cut from the same rhomb. A rectangular block, the 
long sides of which are 1'8 times the sides of the square ends, is first cut out of a rhomb 
of calcite, so that the optic axis is perpendicular to one pair of the long faces, the 
end-faces and the other pair of long faces thus Ijeing principal sections. The block 
is then divided into three wedges as shown in Fig. 632, and after polishing the surfaces 
are cemented together into the original block with Canada balsam. The ordinary 
ray is reflected in this prism to both sides, and the useful internal field -angle is about 
26°, the same as the internal angle of usefulness of Thompson’s prism. But it has 
the advantage that the length for this angle is only half that of a flat-ended Nicol. 
This prism acts splendidly as a ])olariscr, where alone a large prism is imperative, 



KiO. fi3l. — Thompson Prism. 


optic 

axis 



but not so well as an analyser, as the edge of f he middle wi'dgo is apt to jiroduco slight 
distortion of the images of polarised objects. This disadvantage is more or less 
got rid of, however, if the eml la^ covered with a eemontod cover-glass. The external 
angle of usefulness of this prism amounts to nearly 60°. 

Projection in Polarised Light with Nicol or other Calcite Prisms.— 

A large polnrisor is essential for projection purposes, but a very large 
angle of usefulness is not indispensable, as the rays from the lantern are 
preferably parallelised before passing througli the polariser, by adjust- 
ment of the distance of the condenser of tlie huitern from the electric 
arc or other source of light, advantageously aided, in order not to have to 
place the condenser very near to the hot arc, by a convexo-concffve lens 
mounted next to the entrance end of the jwlarisfr. The concave lens 
of the author’s polarising Nicol is seen in Fig. 637, jiage 859, lying against 
the base ; it is mounted in a cap which screws into the receiving end of 
the prism mount, that having the bevelled divided circle. The inner 
annulus which holds the lens in the cap may be readily unscrewed and 
removed, having a milled edge, in the event of the replacement of the IChs. 
by a glass plate being desirable. When convergent bght is required, the 
convergence of the beam is always effected subsequently by a converging 
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gystem of lenueg. What w egsential in a polariuor, however, is a prism 
large enough to transmit the whole of the parallelised beam, the diameter 
of which is about two inches, the usual siae of objects for the lantern 
j)olari8coj)e for parallel light being about Ij inch in diameW, A large 
ordinary Nicol prism is the most efficient of all jMjlarisers in the author’s 
opinion, but if such be not available, one of the other forms descTibed 
may Ije employed instead. As analyser, a prism affording a wide angular 
field is necessary, as the rays leave the projecting lens with considerable 
convergence ; but it is not essential to have a large analyser, as the 
convergent cone forms its a)K‘x about where the prism is intrixiuced 



Fio. 033. —Projection PokrliM ope arranKo«l for Parallel l^Bhi. 


The author finds a large Nicol, however, the companion to the iwlariser, 
also the most efficient analyser, when the matter is considered from every 
point of view, including jirojections in convergent light and the projection 
of expAiments of all kinds in ])olaris<Hl light. But for many purposes a 
much smaller pri.sni ,of wide angle, such as almost any of the forms 
with flat ends described in the preceding i>ages, will serve equally well. 
If, however, the large Nicol analyser be available, there is no object in 
replacing it by any of these, and none can surpass it for brilliancy of field. 

The author’s projection polarisco])e, as arrangwl for projections of 
oMinary objects in parallel light, is shown in Fig. 

The Isnteni, wster-coU, and optical bench arc a» already described and shown in 
Fig, 616, page 8|8, bat both the large Nicols are now employed, the polariser having 
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ita convexo-concave paralleliHing lene at the end nearest to the water-cell, with its 
convex side nearest to the latter. After the polariser comes the rotating object 
stage, with aperture of 1| inch diameter, and spring-clips to take the mahogany 
frames of the standard size (2^ by 4 inches with clear aperture of 1| inch 
diameter and rabbet of 2 inches diameter), in which the quartzes, selenites, 
micas, and crystal objects for the projection x^lariscope are usually mounted. 
The objects are cemented with balsam on a glass plate, or between a pair of glass 
plates, of If inch diameter, which just fit in tho rabbet, and are secured by 
a spring-annulus of brass wire. An alternative stage, not rotating, but having a 
spring front of such latitude of spring as enables as many as three objects to be held 
at once, is shown in tho recess under tho optical bench. It is very useful when besides 
a polarising crystal it is desired to use a quarter-wave mica plate in front of, and a 
second one behind, tho crystal. After the stage come two plano-convex projecting 
lenses, which form a very effective practically achromatic combination, tho first 
either of 6 inches or 5 inches focus, the latUn- generally i)referable, and the second 
of 8i inches focus. Tho stage and tho lenses are each separately mounted on a standard 
adjustable for height, rotation, and transverse motion, tho latter by means of a sliding 
dove-tailed base moving in a similarly sha])ed brass guiding bed, mounted in turn 
on tho mahogany longitudinally narrow but transversely long slider in the optical 
bench. Kach of these sliding bases is provided M'lth two milled-lieaded fixing screws. 
Lastly comes the analysing Nicol. For convergent light work a sjiecial set of lenses 
is used, described in Chapter XLIX. and shown in Fig. 779. 

Tho apparatUH may also be used as a very efficient Table Polariscope, 
in tho manner illustrated in Fig. 634 as reganls the arrangement for 
parallel light. The two large Nicols, the object stage, and a large viewing 
lens, are the essential parts, together with a source of white light. 

The concavo-convex parallelising lens at the receiving end (left in Fig. (i.’U) of the 
polarising Nicol is replaced by a finely ground glass ])late, to distribute tlu; light evenly 
over the field. The source may, of course, Ik^ ordinary day- or sunlight reflected 
simply from an inclined sheet of white cardboard, but tho author lind.s it usually 
more convenient to employ an electric lamp of about 40-50 candle-]>o^^er, or still 
better one of tho 120-candlo-power half-Watt lamps referred to on pag<‘ 39. It is 
contained in the mahogany box shown at tho left en<l of the aiiparatus, which is lined 
within with metal and terminates above in a ventilation chimney : there arc also 
holes in tho bottom of the box to facilitate tho ventilation, and a window in front 
and a door behmd. The amount of heat reaching the polarising Nicol from the 
lamp is thus rendered a minimum and harmless. It is the same box as is referred to 
in Chapter XLIV., containing within it also tho arrangement there described for 
bringing automatically any one of throe ]>latinum boats containing salts of lithium, 
sodium, and thallium into a Bunsen flame, which may replace the electric glow-lamp 
when tho siiectra of colounid flames are required, as during the calibration of the 
monochromatic illuminator. 

The viewing lens is either the one shown at tho right end of the polariscope in 
Fig. 634, a simple lens of 4A inches diameter and 11 inches focus, or an achromatic 
combination of about tho same diameter and equivalent fqcus ; the former appears 
to afford as good results as the latter for most purposes, and, after using both, on the 
whole the author prefers tho simple lens. The rotating object stage is the same as 
that shown in Fig. 6.33, but it is shown in Fig. 6.34 with a second fixed stage fitted 
immediately behind it, cut out of hard mahogany. It was made for the experiment 
described in Chapter L. and illustrated in Fig. 806, for the reception of the slide con- 
taining two large section plates of respectively right- and left-handed quartz each one 
millimeter thick ; this slider is actually shown in Fig. 634 lying on the optical bench under- 
neath the polarising Nicol, where it has been laid after using it in pofition in the fixed 
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Ktftge, to demonsirAt^ by tlidiiig it to and fro the n‘4ipe(*tive right- and left-handedaoM 
of tho two quartzes, with the aid of the 24'Soctor mioa which is shown in position 
on tho rotating stage. This WK'Oud stage proves so useful for many other experiments 
also, that the author usually leaves it in )H)sitioii as shown in Fig. 034, but it can readily 
be removc<l when desired, as it is merely Axed by the sliding of dove -tails, which it 
carries at its lower end, into oorrespondmgly aha))ed morticiugs in the siele of the trans- 
verse basal slider on which the whole object-carrying ap^iaratus is adjustably mounted. 

The Doable-image Prisma of Rochon and Wollaston. - Hosiden the 
liolarising priHnis of cab'ito described in the foregoing pagt'ii, there are 
* two otlier extremely UHeful prinmn eoiintrueted of thi.‘< imjiortant mineral. 



KlO. 931.— The ArruimottHUt as Table Pokrlm ojM*. 


known as “ double-image ” priHins, their puriHiae being to i-ejiarate the 
ordinary and extraordinary rays more than ran be done with a Him}il(} 
rhomb in the manner deHcrilH*d on the firht page of tlie last chapter. Ifc 
waa there also shown that if we use a ()0"'-prism (two truly plane and 
polished faces inclined at an angle of about bO® Uung the essentials of 
such a prism) the two rays are more separated and the divergence increases 
as the screen is approached on which the two s|K‘ctra arc thrown. If we 
make the prism angle not so great as (Kr", somewhere betw^een 3(J“ and 5C)“, 
according to the amount of separation desired, we can neutralise the 
chromatic di8i)er8ion of each image more or less by means of a similar 
wedge of glass, cemented to the calcite prism by balsam so as to make the 
whole into a rectangular block. The two images of the aiierture in front 
of the lantern condenser then appear on the screen practically uncoloured. 
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Better achromatism, however, is effected if both wedges are made of 
calcitc, and there are two methods of cutting the second achromatising 
prism, one of which, that due to Wollaston, gives twice as much separation 
of the images as the other, that of Rochon, but with less perfect freedom 
from colour. In both these prisms the essential wedge-prism (the right- 
hand one in both the figures) is cut with its refracting edge parallel to 
the axis of the crystal, the condition for maximum separation. These 
two types of double-image prisms are diagrammatically shown at a and b 
in Fig. G35, a representing the Rochon prism and b tlie Wollaston type, 
the shading indicating the direction of the optic axis. 

Boohon*! Priim. — In this prism tho achromatising wedge has the optic axis 
porpondicular to tho refracting edge, and parallel to the dirt'ction of transmission 
of tho light, as shown by tho shading at a m Kig. G3o. The rays ])ass through this 
wodge, therefore, unaffected, the incidence lieing normal and the ray ])asHing along 
tho axis of no double refraction. Tho vibrations thus occur pcr])cndicularly to the 
axis, and equally in all directions of the circular section around it. in the second wedge 
double refraction occurs, but tho ordinary ray goes through iindcHt'ctcd, while tho 
extraordinary ray is deviated. When the prism is rotatctl about the direction of tho 




(n) Iloclioii Prlsiii. (h) Wollaston Prism. 

Kiu. (i;i5 —The two Doublc-lm.age Prisms, 

incident ray as axis, the image «'n the screen due to the extraordinary ray rotates 
about that due to the onlinary ray, which n'lnains fixed. A Kochon ]iriHm used in 
an actual cx]M'riment descrils'd on the next page is shown in Pig. (130. 

Wollaston's Prism.— The only differem e from Rochon’s ]»rism is that in Wolla.ston’8 
tho first wedge has the spar rotated a right angle .so that the light is incident on tho 
other rectangular face of tho wc<lgc, bringing the optic axis iicrixmdicular to tho 
direction of tho incident light as well as to the refracting edge. The incident ray is 
thus divideil into two rays immediately in this first wodge, one vibrating parallel to 
tho axis and tho other at right angles thoi'etti, tho former being an extraordinary 
and tho latter an ordinary ray. The effect is to cause both rays to issue deviated from 
the second wedge, and thus to afford double the separation of tho images afforded by 
Rodion's prism, as will be clear from b in Fig. 03u. ■ For, tho principal planes of tho 
two wedges being at right angles, the ordinary ray received undeviated from the 
first wedge traverses the second wedge with tho veloeity and refraetion of th* extra- 
ordinary one, its vibrations being now parallel to the a.xis, causing that ray (the 
ordinary) to be as much refracted as tho extraordinary oife proper, thus doubling 
tho total refraction. The two rays are equally deviated on opposite sides of the normal, 
and when the prism is rotated about the direction of the normally incident light both 
images revolve round the centre of tho lino joining their own centres. 

Many uses will be found for double-image prisms during the course 
of optical work in crystallography, but one of the most instructive and 
striking experiments may be referred to here, and is illustrated in Fig. 636, 
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Two images will obviously be thrown on the screen, when either 
a Hoohon or a Wollaston prism is interposed in the beam of light 
leaving the lens, which focusses on the screen an imago of a circular 
aperture in an opaque diaphragm placeil in front of the lantern coU’ 
denser. These images are comjwsed of rectangularly j)lane-polarised 
light. That is, the planes of })olarisation of the light coin})osing them 
are at right angles. Hence, when a Nicol prism is placed between the 
lens and the double-image prism, as show’n in Fig. or indml any- 
where in the path of the l>eam of light before the deviation has Is'ccme 
too great for both rays to get through the Nicol, one image wll he found 
to extinguish at one |K>sition of the Nicol in its revolution, and the other 
at 90^ from that jiosition, while midway at the -15'’ iK^sitions both images 
will be transmitU'd with jiartial intensity. Next, when a jiolarising crystAl, 
such as an evenly jKilarising film of gyjMum (selenite), is introduccnl 
between the double-image prism and the Nicol, jtreferably close up to 
the former, the two images will be eoloiinsl complementarily, with the 
brilliant colours for which selenite is famous in )K»laris<Hl light, when the 
film has been lotuted to tin* jK>sition for imiximum brilliancy. That the 
colours are truly coinphunentarv, moreover, is absolutely proved at the 
same time, by the fact that when the two images are made jiartially to 
overlaj>- which is only a matter of choosing an ap(*rtiire of the convenient 
size from among the four uffoRled by the diajihragm the overlapping 
jKjrtion is (pute colourless, b«‘ing illuminated by brilliant w'hite light. 
Thus, for instance, a so-called “ blue-and-yelhnv selenite ” is a film of 
such thicknes.s as to afford for a certain jiosition of the Nicol a brilliant 
blue in one disc and a bright yellow in the other, while tin* ov(‘rlHi)ping 
jiart is rolourle.ss. Similarly, a “ red-an<l-gn‘en seiemU* ’’ )>r(aluc(‘s a 
and a green image, with a white lenticular ])art where the two circular 
discs overlap. The discussion of tin* necessary thickness of gyjwum, 
and of the reasons for these j»ln*nomena, will be ent(*r(*d into fully 
in Chapter XLII. 

As roganls the |)rftctical (hqK)siti<>ii of apparatus for tliis ox^KTinienl, tliai shown 
in Fig. 030 is particularly con\enn*nt. Tin* lH*ain from the lantern condenser passes 
first through a thick water ecH tamed on the lantern front, in onler to removu the 
lioat rays and thus prott*ct the balsam ceiiumting films of the Nicol and douhle image 
priiims from their softening aetion. Next comes a large rotatiihle disc-stage with 
twO'inch central aperture, 8er\ing either as objeet stage or, as in this exjierimeiit, as 
signal aperture ; as an aperture two inches in diameter is too large f«)r this exjierimwit, 
and it is desirable to have a ready means of varying the siw; of tht* o}>cning, a rotating 
diaphragtai pierced with four a|x;rtures of ]| inch, I inch, ^ inch and J inch diameter 
respectively, is attached to it in front, with the chosc-n ape-rture, generally one of the 
smaller ones for ordinar^ screen distances (the half -inch Inung esiwcially suitable), 
concentrically in front of the fixed large a])erture of two inches. This diajihragm 
is readily removable when not required, Ijemg merely attaichc<l by a milled -he^ed 
pivot, secured behind the stage by a clamping nut and flanged in front of the stage 
so as to permit of ready rotation of the diaphragm and its fixation at the suitable 
I>osition. Next comes the projecting lens, then the large Nicol, and lastly a large 
Rochon prism, one of the pair shown mounted together on the central stand in Fig. 637, 
The diaphngra*|tage, lens, Nicol, and double-imago prism are each adjustable for 



CRYSTALLOGRAPHY 


PART III 


/$6S 

height, azimuth, and transverse rectangular position on their separate iKHlestal stands, 
which are themselves ca])able of sliding anywhere along a grooved basal guiding 
bod, which affords the other rectangular movement, the longitudinal one, necessary 
for absolutely general adjustment. The mounting of the large Nicol on its stand will 
be clear from Fig. (137, where it is shown on the left ; the transverse adjustment of 
the two supporting columns is afforded by slots in the base, which are covered by the 
two broad circular foot])late8, the columns being rigidly fixed lx)low, after adjustment, 
by nuts. The selenite, a thin film of gypsum mounteil with balsam between two glass 



FlO. ft30. — Exiwrliiu'nt with Double-Image Priam, NlcoI, and Selenite Klim, proving tliat 
t’omplementury Colours make White Eight on lUondlng. 


plates, is held in a rotating mount with outer milled flange, n'St'mbling tltit of the 
double-image prism itself except that the tulio is much shorter ; it fits, like that of 
the prism, in the same outer tube carried rigidly by the standanl, both double-image 
prism and selenite being thus separately rotatable in this short outer tube. They can 
also bo interchanged as regards their position, if desired, but for this ex])eriment the 
selenite is fitted in the outer tube at the end nearer to the Nicol ; the longer inner tube 
mount of the Hochon prism has a similar flange for convenience in rotating the prism. 

If desired, the Rochon prism may bo replaced by a Wollaston prism in this experi- 
ment, when double the amount of separation of the two images on the screen is afforded 
under similar conditions, and the same size of aperture may ther|fore be used for 


CHAP. IL GALOITB DOUHIKJMAQB PRISMS 

« «hortor working distAnce from tho »cr«on. Huck a Wollaston i^rism, mounted m 
just described on an adjustable standard, is shown to the right in Fig. 637. Tho 
transversely adjustable base of this standard as shown in tho tigure (liniHl uitdorncath 
with felt to ensure smooth sliding in the lathe-b4‘d),and the standard itself, arc typical 
of a dozen similar ones carrying the Umsos and other a<'ct*»sonos of t he ant Ixtr’s crystal* 
lographic projection ap^iaratus. The selenite is earned in a slide pierced by three 
cirtmlar a})erture«, sliding in a pair of slots in a separately rotatable nioiuit at one end 
of tho outer tube, a spring regulating the tightness of the sliding ; the Wollaston 
prism IS rolate<l by means of a milhHi tlango at the other end. (ine ap(*rturo of the 
slide is filleil with a red-and-grtHm selenite, another with a hluc-and yellow si'lenite, 
and the third is vacant, for ust' when it is not desuvd to mteqiosi* a crystal film. 

Hoyghens* Experiment with two Doable -ima^e Prisms. A fuiihor 



FlQ. 637. — NIool Prlmn with Concive rnrsllellsiiid I.enB (Ii-H), I'alr of Itotlum I’tinnm iitoiiiifeil 
for Huyghena' KxiMTlmeiit (mitre), nii<l WolUstoii rrisiii with two hi leiiUcK (right). 

most instructive experiment, retpiiring a pair of siniilur douMe-image 
prisms affording ecjual separation of the images, jinderalily of the 
Rochon type, is that first |H*rforiiied hy Huyghens witli a jiair of simple 
rhombs of calcite. It is convenient that the two Rochon prisms shotdd 
be so trounted that either can rotate sejiarately or Vk> removed altogether, 
and that a film of ^"psum may be introduced between them and also 
independently rotated. Two such er^ual Rochon calcite jirisnis of IJ inch 
dear aperture, constructed for the author by Mr. Ahrens, are shown on 
the central stand in Fig. 637. One of these prisms and the selenite 
attachment have already been just described, and the second R<K hon jirism 
is similarly mounted in a flanged inner tube, rotating by means of the 
milled flange within an outer tube cjirried by an a<ljustable ell)ow-braf;ket 
sliding freely^ about the standard, and capable of fixation at the exact 
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height which brings the two prisms into line, by means of a fixing 
screw. This second prism is attached on the selenite side, so that the 
latter comes between the two Rochon prisms, not quite touching the 
outer tube of the second one. 

A very convenient mode of performing the exjwriraont — which requires no Nieol 
prism or other accessory than the projecting lens, an ajKjrturo-diaphragrn, and the 



water-cell to protect the balsam of the prisms from the heat rays by filtering them off— is 
shown in Fig. 638, provided the optical front of the lantern is one arranged to permit 
of the performance of lantern experiments, being unencumbered with any restrictive 
tubular support for the projecting lens. The form of lantern front adopted by the 
author, after experimenting with many varieties, is shown in the figure. To the front 
of the brass plate of the usual iautom-slide carrier-frame there is screwed a very short 
tube 4| inches in diameter for the reception of the water-cell, which may, however, be 
supported independently if desired, as shown later in Fig. 779, and the short tube 
altogether removed. hSt)m the top of this short tube there rises a jittl} upright, tenui- 
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nating above in a stirrup-rest for a rigid tube screwing into a aooket on the lantern 
front above the slide frame ; the outer end of this tube carries a tightening oollari to 
fix in any convenient position an inner tube which slides within it This adjusUble 
inner tube carries at its outer termination the rei'tangulaiiy dcfwtnding arm which 
supports the projecting objective. The tatter consists of an achromatic doublet, 
composed of two pairs of lenses, of 2] inches ajH^rture, the two combinations together 
forming an 8- or a lO-inch objective (it is convenient to j> 0 Hse 8 s a pair of objectives 
of these two focal lengths, to suit different screen distances) ; one combination is 
mounted at each end of the objective tulie, which slides within an outer tulx' carrying 
a rack, this outer tulx? in tuni sliding, for focussing purpos<»s, with the aid of a driving 
pinion (provide<l with two large milled heads for convenience of focussing from either 
side) in the outermost shorter tube carritMl by the bracket arm, A large convex metallic 
screen is also carnetl concentrically by the outermost tulas in ortler to shii'ld «)ff any 
stray light rays. The two double image jtrisms on their stand are bnmght Into the 
clear space betwe(Mi the water cell and the objwtive, when' there is ample room for 
proper adjustment. Kor a]H*rtim* it i.s convenient to use the ordinary lantem-slldn 
carrier, with a thu k blackened caixl or brass plate inches stjuare, pierced by a 
cleanly-cut circular central aiiertun* of about half an inch diameter. It is well to 
have two or tlirx*!' such cards or jdaU^i with ajiertun's of larger and smaller diameteni, 
m onicr that the most convenient sir.© of imago may lie obtaiiUMl on the scriMvn. 

In ]H'rforming tlu^ cxiswiinent, the single dimt imago of tho a))<«rluro is first 
focusN'd by the objective in the absence of the prism; the latter is then placed in 
position, but witii the s(*oond double -imago prism reinoviMl, by sliding tlown the arm 
carrying it, and the s(‘lenite is also nunovtsl from the outer tulw of the other, thus 
leaving the liist prism alnm* in <tj>eration. On actuating tho lantern two images of 
the circular ajH'rt ure are thrown on (hescremi, and when the prism is rotatwl the image 
duo to tho extraonlinary ray will Ije olws'rved to rotate around that due to the ordinary 
one. On adding tin* s<*coiid prism and routing it until it is similarly orientatwl to the 
first, the two linages are obsi^rved to Ik‘ still M^paraUsl m the same direction- vertical 
when both prisms aic arranged with the o]»tic axis vertical, as indicaUii by a mark 
provided on the immnt of ea<h but at ibuible the ilistance, the two Rochon prisms 
being of similar angle and equal in every n‘hjs*<t. On the least rotation of either 
prism from this position two other images make their ap}H*aran<’e, making four 
altogether, the two new ones at first very weak, and ajqiearing to start identically 
from tho centre botwinm the other two, arnl separating more and more so as to form 
with the others the corners of a rhombus of ••ver- widening angle, until when tho ])rism 
has been rotated for I.') all four iinag<*H are of equal intensity and tho angle of tho 
rhombus is also 4o'. R<itating further, tho first two images l>egin to disapisNir, 
until at 90’ they have vanished and there an* only two images again of equal intensity, 
but they aro tho second jiair and arranged along a 45' diagonal. liotating further 
towards ISS"* there are again four images, at 1:15' arranged as another rhombus of 
46“ angle; while at 180'’ there is but a single image, of double the intensity of any 
brightest pair. In tho next half revolution similar phenomena occur in tho rovorso 
order. The whole of this interesting behaviour is entirely explained on tho assumption 
that ea?h prism transmits two diflenmlly refiwded rays, an onlinary and an extra- 
ordinary, of wliich the vibrations ix-cur in two different planes (parallel to the longer 
and shorter diagonals of the rhomb reiqieetively) at right angles to each other and to 
the direction of transmission. 

When the selenite film is also in )»osition, there are always four images except at 0^ 
and 180®, when all four are in the same vertical line and two of them coincide at tbo 
centre. But, except at tho 45“ positions, when no colour is shown and tho appearwioli 
is tho same as in the absence of the selenite, the images are now coloured, two red of 
blue and the other two the complementary green or yellow. Tho use of the selenit# 
is thtia to rendet visible the images, coloured, which are extingoisbed in the abaenoe of 
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» crystal film. The whole phenomena will be rendered clear by the diagrams given 
in Fig. 630. 

The actual effect drawn is that which was observed when a black circular blot on a 
sheet of otherwise clean white blotting-paper was viewed directly through the Huyghens 
apparatus. A white spot on a black ground answers equally well. The arrows 
in^cato the dirootion of the optic axis, and the dotted rhombohedral outline indicates 
the original rhomb from which each prism was cut. The up^xr row of five figures 
represents the phenomena without selenite, and the lower row what occurs when a red- 
green selenite is introduced, the colours bemg the complementary, when the white 
spot on a black ground is used, to those observed when the spot is black on a white 
ground. 'I'ho first (to]) left) figure represents the two images of the spot seen when 
the jirisms are parallel, o being the immovable ordinary imago and c, the extraordinary. 
The intermediate dotted ring c, indicates the position of the extraordinary image when 
only one prism is used, the Bei)aration then being only half as much. When the 
selenite is introduci'd all three images ap]M'ar, o and c, green and pj red, as shown in 
the left lower figure. TIu' second uppt^r (igiiro exhibits the ap]M'aranco when the front 
prism has been rotati'd 'I'here are four images of ecpial intensity, but only half as 



t’lo. CaO.— linages of a Black Spot nlfonlcd by a Pair of Double-image Prisms, 
one of which la rotated. 


strong as the two in the first figure ; p, has become dofiocted to correspond to the 46° 
rotation, Pj has liecomo visible, and a third extraordinary imago Pj has been formed by 
resolution out of o, which is thereby diminished in intensity. No change occurs for 
this position on ailding the selenite, no colour being develo])eil. The third upper 
figure indicates the extinction of o and r,, and the brilliant full intensity of Pj and 
when the front prism has been rotated 00'’. When the selenite is added (third lower 
figure) all four images a])pear at the corners of a square, o and Pj red and p, and p, green. 
The fourth figures indicate the four half illuminated images for the 135° position of 
the front prism, and tlio two last those for the 180° position. Without the ^lenite 
there is now only a single image, o and e, overlapping, for the front prism now reverses 
the deflection of the image p, by the first prism, and o remains immovable at the centre ; 
P| and Pj are extinguished, but they appear, coloured red, when the selenite ia intro- 
duced, the overlapping o and p, images being both green. 

Tlie phenomena may be interpreted very simply as follows. 

Two of the four images of the circular aperture or spot occupy the 
same positions as if only the first prism or thick plate were acting, while 
the two other images are displaced from these positioi^s along the 
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direction of the principal section of the second prism or plate. If wo 
accept the assumption that the ordinary ray is polarised parallel to the 
principal section (the vibrations being therefore perjx*ndicular to the 
principal section), and that the extraordinary ray is jwlarised j>erj)en- 
diciilarly to the principal section (its vibrations occurring in that section), 
and if we call the ordinary and extraordinary images afforded by the 
first jirism or plate alone 0 and E, then 0 becomes 0,, and 0, after 
passing also through the second jmsm or thick plate, and E becomes E, 
and Eo. 

Now th(? amplitudes of the rays composing the images Oj, and 0^ 
stand to each other in the some relationship as the cosine and sine of 
the angle of rotation 0 of one jirism or ])late with resjiei’t to the other, 
that is, to the angle l»etween the principal sections of the two prisms 
or plates. Conseipieiitly, as the intensity vanes as the square of the 
amplitude of the vibration, the intensities of illumination of the two 
images varv as cos^ 0 and sin^ 0. Similarly, tln‘ intensities of E, and Eo 


also varv as the squares of the cosine and sine of the angh' of rotation 
of one prism or plate* vith respect to the other. The intensities of 0 
anil K are themselvi's ea< h the half of the intensity of the incident light, 
neglecting the small loss by reflection and absorption, the latter being 
almost nil in the case of cah ite. 

Now in the special cases when 0 or IHO^, that is, when the 
prisms or plates are parallel, only Iv and ()„ remain visible; for as 
cos^ (0 or l<Htr) 1 and sin^ (0" or ISO ) 0. the intensities of the imagea 
((\, and K,) ibqicnding on the .squan* of the co.sine have their full unit 
intensitv. while those ((),. and E„) ilcpeiidmg on the s(piare of the sine 
have no intensity at all. that is. are extmgui 'hed. Thus 0 becomes only 
ordinarily refraited in the second prism and 1C only extraordinarily 
refracted. At the two |M*rsisfing images ()„ and I'v overlaji, when 
the prisms or plates are eqiiallv tlmk. as the extraordinary ray Huflers 
two oppcKsite displacements m the two plates. 

W’lien or 270°, the two prim i|>al sections being then iwrjien- 

dii'ular to each other, only f),. and K,, remain visible, ()„ 
and E< being e.xtinguislKsi. () in this case be<omes only 


extraordinarily refracted and E only ordinarily refracted J ^ 

in passing through the second prism or plati*. I 'OT" 

At the 45° diagonal iKxsitions of the second jilate 1 

with resjiect to the first, as cos 45° and sin 4.5° are each | 

equal to ijj'l, the intensities of all four images are equal. 

The politions of the four images at the corners of a 45° 

rhombus, and their v|ilues. may then be graphically expreHS(‘d by the 

simple scheme shown in the margin. 

Bertrand's Calcite Prism.— This remarkable prism, also termed Ber- 


trand’s Idiocyclophanous Prism, is very simply prepared out of a single 
rhomb of calcite, and has the interesting projierty of exhibiting the uniaxial 
interference figure directly to the naked eye, when held ladore and fairly 
close to the eye, l>etween it and a bright light such as that of the sky, 
and looking through the prism towards the latter. Indeed, two such 
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figures are seen side by side, the one being that usually shown by a plate 
perpendicular to the optic axis in convergent polarised light when the 
Nicols are crossed, namely, a black cross and circular iris-coloured rings ; 
while the other is the figure afforded when the Nicols are parallel, that is, 
a white cross and the iris rings No Nicols are required with Bertrand’s 
prism, which itself affords the phenomena directly. On moving the prism 
slightly from side to side in front of the eye, either figure can be brought 
apparently central in the field, and to occupy the other’s place. When 
both are in view at once they arc usually somewhat more distant in the 
horizontal line from each other than the diameter of either figure. 

The essential conditions on wliich the construction of the prism 
depends are the three following: (I) There must be two internal reflec- 
tions, between which the light must traverse the direction of the optic 
axis ; (2) the two rcilecting plane surfaces must be parallel to each other, 
and inclined at about 4r/ to the optic axis ; (.3) the light should enter 
and leave the calcite by two other plane and parallel surfaces which are 
principal section-planes (containing the optic axis). The plan of the 
prism is thus a parallelogram of somewhere about 45° and 135° angles. 
Condition 2 is adequately fulfilled by cleavage surface, s, for the angle 
between the optic axi.s and the normal to the cleavage face (the cleavage 
being jmrallel to the ])rimary rhombohedron rJK)()I) of calcite is 44° 37’ 
(it is the angle r : (111) on page 378). The other two essential surfaces 
referred to in condition 3 are prepared by cutting, grinding, and polishing. 

The simplest mode of constructing the prism is to take a cleavage 
rhomb of somewhat tabular form, that is, having one j)ara]lel pair of the 
cleavage surfaces closer together than the two surfaces of each of the two 
other pairs, such a rhomb, in fact, as ABCT)EF, of the left-hand drawing 
at a in Fig. (MO. The two parts BCIH and DKL, as re^tresented at b in 
Fig. 640 with the rhomb turned round sideways, are then cut off ; the 
cutting occurs along the planes GH and KL, each of which is parallel 
to the optic axis and to the other section plane. The result, the shaded 
remainder, is sliown also separately at c in Fig. 640, which rej)re8ent8 
Bertrand’s prism as completed. In order to render the mounting of the 
prism more convenient it is usual to cut away also the ridge EF and the 
corresponding one on the other side, parallel to the plane of the paper. The 
mount is usually of cork, and after insertion of the prism the cleavage 
reflecting surfaces HC and AK are screened off by means of blackened 
cardboard or thin sheet brass, so as to leave only the cut and polished 
surfaces GH and KL for the entrance of the light from the sky or other 
bright source and its exit to the eye. On holding up the prisiA to the 
light, so that the surface KL is nearest to the eye (one to two inches 
distance from the latter being usually the best position), and the face GH 
facing and nearest to the sky or other strong light, the two uniaxial 
figures are at once seen, the figure with dark cross on the right and that 
with the white cross to the left, the two being separated at a distance 
which, in the Bertrand prism made by Ahrens for the author, is slightly 
more than the diameter of each of the figures. The path of the light will 
be clear from the right-hand drawing c of Fig. 640. Entering more or less 



CHAP. XL CALCITK PRISMS 865 


noriually at the face GH, it is reflected at the cleavage surface AK ; it 
then traverses the crystal along the o[»tie axis, is again reflecttMl from the 
second cleavage surface HC, and leaves the prism approximately normally 
to the face KL, to enter the eye. 

Tlie theory of the prism is discussed by Mastart in his Ojtliquff vol. ii., 
page 196, but does not api>ear t/O have yet l>een altogether satisfactorily 
understood. 

A similar prism in (piartz was constructed by Almuis about the year 



Fio. C40.— llertraDd’s CiilciU Prlniiu 


1896 for l*rof. Silvanus Thompson, but the efTe<t witli (piartz is not so 
good, a much greater length of path being necessary. Thi’re are no 
delinite crosses afforded, and tlu* rings are verv faint, beifig of a high order, 

Dovers Calciie Prism.- Tliis is an erecting prism of calnte winch will 
be found described on jmgc 813 of (’hajtter XXXVll. 

JelletVs Compoond Calcite Prism. This is a ]>rism employed instead 
of a biquartz, as a device to enhance the sensitiveness of the determination 
of the rotation of the ])lane of ]>olariKalion of light, and a description 
of it will lie found in rhai)ter L. dealing with that subject. 


. VOL. II 




CHAPTER XLI 

THE TRANSMISSION OF LIGHT THROUGH BIAXIAL CRYSTALS 

In the case of a biaxial crystal, that is, one belonging to the rhombic, 
monoclinie, or triclinic systems, neither of the two rays into which a 
beam of light is divided on entering the crystal is an “ ordinary ” ray, 
in the strict sense of the term as applied to uniaxial crystals ; for neither 
obeys the law of sines, except when moving along one of the three 
rectangular axes of the optical ellipsoid. This, liowever, is always 
arranged to occur with a 00°-prism prepared, for ri'fractive index deter- 
minations, with the aid of the cutting-and-grinding goniometer described 
in Chapter XLllI. For it is quite easy with this apparatus to grind the 
two surfaces of the prism so that the light transmitt(‘d at minimum 
deviation sliall travel along one of the three axes of the ellipsoid, and 
BO that tlie vibrations of the two rays into which it is decomposed shall 
occur parallel to the two other rectangular axes. Two such prisms, 
the refracting edges of which are parallel to two different axes, and the 
bisecting planes of which are parallel to two different jirincipal jdancs of 
the ellipsoid, fulfil these conditions, and together aviII afford all three 
refractive indices, and one of them in duplicate. Thus one prism may 
afford a and and the other p and y, in which case a and y are 
furnished once and jS in duplicate ; or one of the ]>risms may afford 
a and y, instead of either of the two jiairs just mentioned, when either 
a or y will lie obtained in duplicate. Close agreement of the duplicate 
values will offer an excellent guarantee of the accuracy of the work. 

The wave-surface of a biaxial crystal is a surface of the fourth 
degree composed of two shells, one within the other. These two shells 
touch each other at four [loints, which are at the bottom of depressions 
in the outer shell and on the summits of protuberances on the inner 
one. The depressions or pits are of such a character that a tangent plane 
to the surface to cover them touches the surface along a circular line of 
contact. Except for these depressions and protuberances where actual 
contact occurs the two shells resemble ellipsoids of general triaxial form. 
Indeed it is common to regard the shells as two separate wave-surfaces. 
The lour points of contact are common points on the two shells where 
the two ** Optic Axes’’ emerge, which cause the crystal to be termed 
** biaxial,” each optic axis passing through the centre ai^ through two 

866 , . 
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of the points of contact on opposite sides of the centre. In Figs. 641 
and 642 an attempt is made to give a correct idea, at hrst somewhat 
difficult to grasp, of the real nature of the two shells of the wave-surface 
of a biaxial crystal. In Fig' 

641 the top - left - front 
octant of the outer shell 
has been removed, revealing 
the inner shell and the nature 
of the sections by tlie three 
rectangular princijml })lanes, 
the axial planes of the 
optical ellij)soid. The draw- 
ing was made, from an excel- 
lent model by Krantz, which 
can be taken to jiietca, the 
three principal section-jilanes 
just referred to having been 
actually cut through. The 
upper half of another nuKlel in 
)»laster is shown in Fig. (>12, 
the two ijUarters of the outer Fm. tni. -KiHiitiM(Ki**iofW»v«* Murfacoof iJiaKiticry«ui. 
surface being separated sutH- 

ciently on eaeli side of the lialf of the inner surface to reveal the latter 
clearly, its protuberances being indicated by the shading. The cireulat 
line of contact of the outer surface about the depression with a tangent 



FiO. <U2.~Ptact«r Model of Wave>«ur(aoo of UiaxUI Crystal, sbowlog separated Half of Inner Shell. 

plane is also shown, as well as lines indicating the positions of the chief 
sections. The three principal section-planes are also diagrammaticaUy 
represented in Figs. 643, 644, and 645, and their relationship in one 
octant in Fig. 646. Lastly, in Fig. 647 all three section-planes are 
shown at once in a manner which will render their relationship clear. 

The sections of the wave-surface by each of the three rectangular 
planes of the pptical ellipsoid consist of an ellipse and a circle, one inside 
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the other in the cases of two of the sections, but one intersecting the 
other at the four points of contact of the shells in the case of the third 
section, that by the plane AOC. The lines Op joining these four points 
p (Figs. 644 and 646) to the centre 0 are the two optic axes, or, more 
precisely, the two ** Secondary Optic Axes.” The distinction between 



FIO. 043. FlO. 644. FiG. 045. 

Three J^rlnclpnl Section-planes of Wave-surface of IMaxInl Crystal. 


primary and secondary optic axes will be thoroughly investigated later 
in the chapter, and it will be sufficient to say here that the distinction 
is rarely possible to be effected practically, the optic axes observed in 
the interference figure in convergent polarised light covering in the vast 
majority of cases both kinds of axes, the angle between th? primary and 
the secondary optic axis on each side of the bisecting plane being less 



Fig. 040. — Octant of niaxial Wave- 
surface showing Principal Sections. 



than the usual error incident to the determination of the position of the 
optic axis. It may be useful, however, to turn here for a moment to 
p. 882, where the discussion occurs and a further diagram, Fig. 656, of 
the section-plane AOC will be found, in which both kinds of optic axes are 
elucidated. Own and Own being the “ Primary Optic Axes ” and Op and 
Op the secondary, the small angle between them (grossly exaggerated 
in the figure) being approximately (rather more in the case drawn in Fig. 
656 ) one half of that of the ** Gone d Inner Conical Refrac^on,” mOm^ 
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It has been necessary in these illustrations to exaggerate the double 
refraction very grossly in order to render the subject at all clear. To 
correct the false impression thereby inevitably conveyed, the actual 
relative dimensions of the two wave-surfaces of a biaxial crv’stal with 
exceptionally large double refraction are given in Fig. 648, which reprt'- 
sents a section, that containing the maximum and minimum axes of 
the optical elli|)soid and the optic axes, of the wave-surface of onlinary 
dextrt) tartaric acid, which crystallises in the sphenoidal class 

of the mono< Tinic system, and is an cnantiomorphous substance exhibit- 
ing optical activity. Its refractive indices are a =*1-4961, ■» I *5359, 

y = l-6055, and its double ndraction y -- a=»0‘10tl4. The figure is 
re]msluc<Ml from the data obtained by Kohlrausch in an elaborate 
investigation. The ]>lane of the optic axes, the section-jilane, is per- 
jiendicular to the svmmetry plane ;0l()|. A I vpieal cryst^al of tartaric acid 
has already been illustrated in Fig. 211, |>age 255. The double refraction 
is jRmitive, wliK'h will be shown later t-o 
mean (as already mentioned on page 
832) that the a an<l /3 indices of rtdrac- 
tion are ehtser together than the and 
y indices, and that the direction of 
vibration alTonling the maximum index 
y is the acute lusectrix of the optic 
axial angle. This direction lies in the 
symmetry plane, in th(‘ lu iite angle be- 
tween the crystallographic axes a and c ; 
it is rcjiresented consef{uently in the 
figun‘ by th(* same horizontal dotted line 
a.s stands for the trace of the symmetry 
plane, and marked y. The vertical dia- 
meter represiuits the symnietry axis b 
normal to the symmetry plane ; it is 
the vibration direction whi<’h affords the minimum index a. The tliinl 
rectangular axis of the ojitical ellipsoid affording the intermediaU^ refra<’- 
tive index j3 is normal to the plane of the pa|)er. It is easy to sec that a 
beam travelling along the hori7x>ntai <iiameter will be coni)K)s<*d of two rays 
vibrating respectively parallel to the vertical diameter and normally to 
the paper, their velocities being inversely propc^rtional to a and p, that is 



to - and The former consequently gets further from the centre of 

^ 9 H 

disturbance than the latter in the same time, and the resjiective curves 
are marked with thes^ fractions. Similarly a beam travelling along the 
vertical diameter is resolved into two rays vibrating respectively hori7X)n- 


tally and normally to the paper, with velocities ^ and The former is 
retarded behind the latter in cx)nscquence, as shown in the figure. Hence 
both beams have a component ray vibrating with velocity and the 
section of wave-surface is a circle. The other two com|)oneDt rays 
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correspond to the axes ^ and ^ of an ellipse, this being the form of the 

section of the second wave-surface. The difference in shapj from a circle is 
very slight, but real. The broken-and-dotted lines joining the centre to the 
points of intersection of the circle and the ellipse are the secondary optic 
axes, differing by a minute angle from the primary optic axes, as inicated 
on page 868, both primary and secondary optic axes, however, being here 
as usual ex j)eri mentally indistinguishable, coinciding in the optic axes 
as indicated by the interference figure in convergent polarised light. It 
will be shown later, however, in this chapter that by special devices the 
distinction can be experimentally verified and observed. 

We saw in Cha])ter XXXIX. that in a uniaxial crystal there is one 
direction, the unique “ optic axis,” of either maximum (in the negative 
kind such as calcite) or minimum (in the positive kind such as quartz) 
velocity of vibration, corresponding to the conversely minimum or 
maximum refractive index respectively ; and that per|)endicular to this 
unique axis there arc, lying in the equatorial circular section of the optical 
ellipsoid, an infinite number of directions of the opposite extreme of 
vibration-velocity or refractive index. 

In a biaxial crystal, on the contrary, we have just seen that the two 
optic axes do not correspond to cither the maximum or the minimum 
axial directions of the ellipsoid of optical vibration-velocity or of refractive 
index, but to a pair of intermediate directions, approximately joining the 
points of contact of the two sheila of the wave-surface to the centre as 
above stated (these directions being the secondary o])tic axes), and lying 
in the ])rincipal elliptic section of the optical ellipsoid (as distinct from 
the wave-surface) the major and minor axes of which are the maximum 
and minimum axes of that ellipsoid and the directions of extreme refractive 
indices ; the two “ optic ” axes (more precisely, the ])rimarv o])tic axes) 
are, in fact, the perpendiculars to the diameters marking the two posi- 
tions where the radius vector of the principal ellipse is equal to the 
intermediate axis, the normal t-o the plane of that ellipse, as will be more 
clearly elucidated later in this chapter. 

It is necessary to be quite clear as to the nature of the various 
ellipsoids that have been referred to. They are (1) the wave-surf.ee, a 
true eili])soid in the case of the extraordinary ray of a uniaxial crj'stal, but 
modified by the depressions and protuberances in a biaxial cr}’8tal, (2) the 
vibration-velocity ellipsoid (that of Fresnel), and (3) the indicatrix (of 
Fletcher). In practical crystallography we do not need to ^^poncem 
oui selves more with the first, the wave-surface, than is adequate to ensure 
our understanding its nature. It is the “ velocity-of-propagation ellip- 
soid,” representing by its axes and its radii vectores the propagation- 
velocity. There are in general two wave-surface ellipsoids, corresponding 
to the two rays moving with different velocities into which a beam of light 
is decomposed on entering a doubly refracting crystal. In the case of a 
uniaxial crystal they are a sphere and an ellii)soid of revolution, but in 
the case of a biaxial crystal the two shells together form the surface of 
the fourth degree already referred to. The second and third ellipBoids, 
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however, are alternative optical ellipaoida, the one the polar reciprocal of 
the other, which afford us at once a graphical exprefwion of the experimental 
optical measurements, and are, therefore, of great practical importance. 
The third, the Fletcher iuilicatrix, is the most easy to grasp, as it is the 
direct graphical expression of the value of the wdractivo index for the 
same wave-length in the different directions within the crystal. It is 
now becoming more and more universally employtsi. The second, the 
Fresnel vibration-vehx ity (dlipsoid, being the j>olar reciprocal of the 
indicatrix, is graphically expressed by j>lotting the re<’iprocal8 of the 
refractive indices. It represents what, l)efore the advent of the electro- 
magnetic theory of liglit, was formerly known as the “ ojitical elasticity “ 
or facility of light-vibration in the crystal, jierpendiculai to the direction 
of propagation. A rav going along one axis has the vthx itics of its two 
com|S)ncnt rays represented by the two axes jierpemlirnlar to it. for these 
axes are laid down projxirtionally to the reciproeals of the refractive indices. 
The two Varieties of the Optical Ellipsoid, the Fresnel Vibration- 
Velocity Ellipsoid and the Indicatrix. -Fresnel was the first to show in the 
year IH27 that the vehxMty with which the vilirations of light o<‘cur, on the 
passage of a ray of light through a crysti l. eouhl be exjiressod in general 
by an ellipsoid, which became, tliendore, variously known as the “ Fresnel 
ellipsoid,” tlie " o[)tical <‘lasticity ellipsoid,” ami the " optical vibration- 
velocity ellips^ud.” Hut the idea of ojdical elasticity became obsolete with 
tin* ac('cptancc of tlic ele< troinagnetic theory of light. The Fresnel ellipsoid 
will, then'forc, be referred t<» as the viliralion-velocity ellipsoid. The 
relative <Mmen‘<ion8 of it** three re< tangular axes are inversely propor- 
tional to the refractive indices along (corresponding to vibrations parallel 
to) those three axial directions, so that the maxminm axis, distinguished by 
the Old Kiiglish letter a, of the ellipsoid <-ori<*Hponds in direction to that for 
the minimum refractive index a. and the minimum axis t to that for the 
maximum index y, the intermediate axis b corresjxmding to the direction 
to which the intermediate refractive index ^ applies. Also the actual 
values of the.se thre* axes of the Fresnel optical ellipsoid are the recipro- 
cals of the refractive indices, that is : b" i, C ' . Hence, if wc 

a P y 

have determined the three refrac tive indices a, j3, and y, for the three 
rectangular directions in the crystal wliii h arc parallel to the axes of tlie 
ellipsoid, and if wc express their reciprocals in the manner which has 
become conventional, so that the intcrmeiliate axiH==l, by dividing' 
thioag)iout by b, we have a relative measure of the three axial 
dimensioiM of the Fresnel optical ellifisoid in the ratios : 

(1) R : b : c, or :1 :c, 

I 1 

I , a P , t 7 ft 

where « 1 = a- ‘ “b “ T y' 

ft ft 

Now an ‘‘^ipsoid which has axes the dimensions of which are relatively, 
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expressed by the refractive indices a, p, y themselves has been shown by 
Fletcher ' to possess certain properties which render it more convenient 
for use as an expression of the optical properties of crystals than the 
Fresnel ellipsoid, and has been termed by Fletcher the “ optical 
indicatrix.” It is identical with the “ indexellipsoid ” of MacCiillagh. 
The axes of this ellipsoid may either be directly expressed bv the re- 
fractive indices themselves, or, in accordance with a similar convention 
to that referred to in the case of the Fresnel ellipsoid, designed in the 
cause of simplicity, the intermediate axis may be taken as unity and 
a and y expressed proportionally as follows, by dividing out by j8 : 

(2) or? 

where the axial value a' = " J ^ and the axial value = n* 
index p ' index p 

It is customary to drop the “ dashes ’’ in these abbreviated expressions, 
and to state the axial ratios of the two optical ellipsoids as a : 1 : c and 
a : I : y respectively. By the “ axial ratios of the optical elli])soid,” the 
experimental determination of which is an essential part of the optical 
investigation of a crystal, and which aptK‘ar as important o])tical constants 
in the tabular jiresentation of the results of the investigation, we may 
thus mean either those of the Fresnel ellipsoid of optical vibration- 
velocity, as given in the final form of the expression (1), or those of the 
indicatrix, as given in the final form of the expression (2). The latter 
are rapidly supplanting the former in crystallographic literature, but it is 
perhaps advisable for the [jresent to exjiress the ex jieri mental results in 
terms of both ellipsoids, or if not, to state clearly to which ellii)8oid the 
constants given refer. The same actual experimental work suffices for 
both, namely, the determination of the refractive indices for the three 
rectangular directions of the axes, for these directions are obviously 
identical for both ellipsoids. In the case of a crystal belonging to the 
rhombic system, as shown on page 829, the.se directions are olso those of 
the three crystallographic axes. The direction of vibration of the rays 
affording each refractive index is ascertained by means of a Nicol prism, 
])laced in front of the eye[)ie(’e of the spectrometer, when observing the two 
refracted images of the signal-slit afforded at minimum deviation by a 
GO'^-prism, the vibration directions of which are parallel to two of the 
* principal axes of the ellipsoid (as already explained on page 866), just as 
was described on page 842 with reference to the determination lof the 
refractive indices of uniaxial crystals. Full details will be given in Chapter 
XL VI. of the mode of carrying out the determinations. 

An example may be useful to render the mode of calculation of both seta of ratios 
quite clear. The case of monoclinio ammonium zinc sulphate, (NH|),Zn(S 04 ), . 6H,0, 
will serve, the three refractive indices of which for sodium light are: a = 1 -4888, 
j9 = 1*4930,7 = 1-4994. 

The axial ratios of tho Fresnel optical -velocity ellipsoid are : 


* Minerahgical Magazinty 1891, 9, 278. 



chap.XLI light transmission THROUGH HIAXJAL CRYSTALS 873 


« 1-4930 _ 

b a 1-4888 


1 - 0028 ; 


1-4930 
b y 1-4994 


=^0-9957. 


That is a : b ; c 10028 : 1 : 0-9957. 


The axial ratios of the optical indioatnx are : 

fi 1 4930 1 4930 

That is :--a : {i:y ' 0-9972 : 1 : l -0<)43. 


It will be obw^rvotl that 1 ()028 in just as niiK h alM)ve unity as 0 9972 is liolow it, 
and that 0-9957 is as iimrh IxdoM' as 1-(K>43 is aho\<‘ unity. Tins rtn-ipwa-al ndaiion- 
ship between the axial values of the tao ellipsoids always holds, and affords a rhw'k 
on the accuracy of the calculations. 


The Fresnel Ellipsoid. The velonty of li^iht varit-a in a enstal not 
only with the direction of propapit ion but witli the direi tion of vibra- 
tion perpenilK'ular thereto. Thus, let Fi^. 019 represent the Fresnel 
olliiwoid, and 0 'ts centre, from which 
latter an infinite numlier of radii rejire- 
senting the vibration velocitt<*s inav be 
supposed to proceed to the surface of the 
ellifisoul, their b-riiiini, in fact. Iracin^i 
out file ellipsoidal surface ; also let OA, 

OJi, 0(' be the three rectaujiular sjini- 
axes, three special cases of such railii, 
arranged in descendiiif: onbr of vibra- 
tion velocity. Then the length of fin- 
maximum axis O.V or ti does not rcjire- 
sent the velocity of light transmission 
along the direction OA, but the 
velocity of the rays which pass through the crystal with the great-est 
po.s.sible velocity and the vibrations of which occur along OA, that is, 
the velocity of the infinib- number of rays propagatc*d mid travelling 
in the plane HO(’ at right anglc-s Ui OA. ft tlius rc-presents all rays 
polarised in the plane H0(', the dirc-c tion of vibration bc-ing accepUnl as 
]H‘rpendicular to the jilane of jiolarisation. Similarly, the rninimura 
axis OC or c represents by its h-ngfli the minimum velocity, that of 
rays vibrating along OC but transmitted in any direction jierpendicmlar 
thereto, that is, along any radius in the plane AOH. Ijikewise, the 
axis OB or b of intermediate length rc-prew-nts the velocity of light rays 
transmuted pc‘r|)c‘ndicularly to OB but vibrating along OB, that is, 
the velocity of rays transmitted along any radius lying in the principal 
section-plane AOC, aitd jKilari.sed in that jilane. Jlenc-e, the Freniel 
eOipioid represents by its radii from the centre the velocitiee of rayi 
vibrating along those radii, the direction of transmission being 
perpendicnlar thereto. It is therefore referred to as the vibration* 
vdkieity ellipsoid. 

Along any one of these principal axes OA, OB, OC it is j>ossible 
for two rays to travel simultaneously, jwlarised pcTix-ndicularly to each 
other in the tfo princi}>al section-planes which inrijrsect in the principal 



Fn. 04l>.— The Frennel Vibntion* 
\(-l(>rlty Klliimuld. 
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axiB along which the rays are travelling, and the velocities and directions 
of vibration of which are represented by the two other principal axes 
perpendicular to the one along which the rays are passing. Thus, for 
instance, along OA two rays can be transmitted, polarised respectively in 
the planes A OB and AOC, and vibrating respectively along OC and OB. 

Now as the refractive index fi for rays of light vibrating parallel 
to one of the tliree rectangular principal axes OA, OB, OC, is the ratio 


of its velocity in air Va to its velocity in the crystal Vr, that is, /x = 


Va 

V/ 


the refractive index for each of the rays in question on entering the 
crystal from the air is inversely j)roportional to the velocity in the crystal. 
The greater the facility of light transmission in the crystal the less is 
the difference from tlu* more rajiid transmission in air and tlie smaller 


is the value of 


V« 

v;* 


and the less Vg becomes the liigher does the 


refractive index p. work out, so that /i, varies inversely as Vc. The 
three refractive indices, the minimum, the intermediate, and the 
maximum, for the rays vibrating respectively along OA, OB, and OC 
being indicated respectively by a, and y in accordance with the 
usual convention, then OA or n is thus proportional, as already shown, 

, and OC or c to ^ The two rays wliich can travel 

y 

along OA, vibrating })er[)endicularly to each other ])ara]lel to OB and 
OC, will afford the two indices p and y: similarly, the two rays that 
can travel along OB and which will vibrate ])arallei to OA and ()C, will 
afford a and y respectively ; likewise, the two rays ('ajjable of passing 
along OC, will be composed of vibrations occurring along OA and OB 
respectively, and they will consequently afford the two indices a and j8. 

The double refraction is measured by the difference of the two 
extreme indices of refraction, y-a. 

The Fresnel elli[)soid is thus defined by tlie meaning of its three 
rectangular principal axes and the three mutually perpendicular axial 
planes containing them, and this is all that is required for our practical 
work in determining the ojitical constants. But the ellipsoid has 
further imjiortant general propert-ies, which at once express the 
behaviour of light waves transversing any direction in the crystal. 


to , OB or h to Q 
a 8 


II OP in Fig. 649 be any direction whatsoever in the crystal and its 
Fresnel vibration-velocity ellipsoid, and i! a section-plane perpAidicnlar 
to it be taken through the cry^, the section of tl\p ellipsoid by this plane 
being an ellipse, and if farther the major and minor axes of the latter 
be OL and OM, then OL and OM represent the directions of vibration 
and the velocities of the two plane-polarised rays which can travel through 
the crystal along OP. The planes of polariMtion of the two rays are 
at right angles to each other, the major and minor axes of the ellipee 
being mntnally perpendicular. This is the fundamental law of double 
refraction. % 
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The meaning of double refraction will now be quite clear. For it 
mu»t be obvious that the two rays which can travel along any general 
direction such as OP, having two different velocities and therefore two 
different indices of refraction, must have l)een differently refracted on 
entering the crystal, that is, their previous paths in the air must have 
been different. If, therefore, we imagine these two incident rays, at 
first passipg through the air inclined to each other, to close up their 
angle of inclination until they become identi(‘al as reganls their direc- 
tion through the air, their directions on entering the crystal must 
diverge again. Hence, a bundle of parallel rays derived from the same 
source must, when incident ujKin a crystal surface, In^come divided 
into two rays on entering the crystal substance, which in general 
traverse that substance in two more or less inclined dm^ctions according 
to the difference of their corresjHinding velocities and refractive indices, 
and the planes of ]K)larisation and directions of vibration of which are 
j)erpendi(‘ular to each otlicr. In the special case when the bundle is 
incident jiarallel to one of the three rectangular axes of the elli[>soid, 
the two rays into which it breaks up do not diverge, but both continue 
along the axis, with different velocities, how<‘ver, and opjwsitely 
(rectangularly) polarisetl. 

Tlie major and minor axes of the elliptic section of the Frtymel 
ellipsoid by any |K‘rfectly general jdane are termed “ singular directions/’ 
In the Hjiccial cases (d the circular section of the ellipsoid of revolu- 
tion of a uniaxial crystal, and the pair of ciri'ular sections of a 
biaxial (Tvstal, every direction in such circular section is (‘qui valent to 
a singular direction, there being no double refraction. Now there is 
usually some dinieulty in understanding why a ray entering a doubly 
refractive crystal breaks up into two others only, and why these two 
should so conveniently vibrate j>erjH*ridicularly to eaeli other. The 
reason is that when a vibratory displacement occurs in any direction 
in the front of a wave it is only those coinjionent-s which are parallel to 
the singular directions (axes of elliptic section) which are jiropagated 
permanently as waves, and their propagation occurs with different 
velocities, except when the elliptic section laTomes a i“ircular section. 
This fact, wdiirh has been proved both exj)eriinentally and as the result 
of profound mathematical analysis, fully accxmnts for the bifurcation of 
the ray into two, and two only, jMT)»endicularIy vibrating coinfionentii 
on entering the crystal. 

It |aust be rememb(*rcd also tliat in iiir the wave-front is j>er|)en- 
dieular to the Jirection of a beam of light, but that in the, crystal in 
general the wave-froftt is more or less inclined from the |M‘r)KMidicular 
to the direction of propagation, and that the inclinations of the two 
wave-fronts of the two bifurcated rays in the crystal, to the respective 
directions of propagation of those rays, are in general different. Bimilarly 
two rays travelling along the same path through a crystal and vibrating 
perpendicularly to each other, but with wave-fronts differently inclined 
as a rule, on emergence into air bifurcate as two differently refracted rays 
but with wafe-fronts now |)erpcndicular to each of the two different 
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PlO. OBO.--- [)liiKrani llIiiMfrnfina l>ilferont Inollnutions 
of Wave-fronts of two Ra>H traversing (’rys^il. 


directions of propagation. These facts will be made quite clear on 
reference to Fig. 650. 

In all the above eases it must be understood that the ray or rays 

referred to are homogeneous 
monochromatic ones of definite 
wave - length, for both the 
velocity and the direction in 
general differ with the wave- 
length. 

It must be borne in mind 
that the wave-front of a beam 
of light traversing a cubic 
crystal or other isotropic sub- 
stance such as glass is peri)en- 
dicular to the direction of the 
beam, as in air, and when the 
beam is cylindrical the plane 
section formed by the wave -front is a circle. We have just seen, 
however, that in a doubly refracting crystal the wave-front is in general 
inclined out of true perpendicularity to the direction of ])ropagation, and 
the section of the beam by the wave-front will therefore be an ellipse, 
which will be of different axial dimensions for the two differently refracted 
bifurcated rays, owing to the different inclinations of the sections to the 
directions. In the special case, however, of a beam travelling in a crystal 
along any one of the three axes OA, OB, OC of the o])tical ellipsoid its 
wave-front is actually [)erpendi<udar to the direction of propagation. 

The Fletcher Indicatrix.- The fundamental fact of Fletcher’s 
generalisation ^ is stated by him in the following words : 

The characters of a ray of plane-polarised homogeneous light 
transmitted within a (crystal) medium 
are incbcated by geometrical characters 
at a corresponding point on an ellipsoid ; 
the direction of the ray is that of a 
diameter intersecting perpendicularly 
the normal drawn to the ellipsoid at 
the corresponding point ; the velocity 
is inversely proportional to the length 
of the normal intercepted by the ray ; 
the plane of polarisation is perpen- 
dicular to the normal.” 

We may illustrate these properties 
of the indicatrix most clearly by con- 
sidering first the special case of uni- 
axial crystals. Let us reproduce in 
Fig. 651 the wave-surfaces of a negative uniaxial crystal such as 
calcite, as given in Fig. 619, and draw any radius Or of the elliptic 
section of the extraordinary wave-surface, also rT the tangent at the 
> Mineralogical Magazine, 1891, 9, 278. , 
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point r, and OR a line parallel to it. Then the tangent HT at 
the point R is parallel to Or, and OR and Or are thus conjugate 
semi-diameters of the ellipse, so that, in accordance with a well-known 
property of conjugate radii of the ellipse, the parallelogram OKTr is 
constant and equal to the parallelogram on the semi -axes OX . OZ. If 
now a perpendicular to the ellipse be drawn at R (that is, a line at right 
angles to the tangent RT), to meet the radius Or produced at N, tlie 
jiarallelogram Or.RN is also equal to OX . 0/ (Kiiclid i. 35). If the 
value of this rectangle be taken as unity : 


Or = 


OX . OZ 
' RN 


1 

RX 


Hence, the velocity of jirojiagation of any <‘Xlraoniinary ray, 
exjiressed by the length Or, is inversely proportional to the length of 
the straight line which at the |H)int R is |terjK*ndicular both to the ellijme 
(and the spheroid) and to the ray. This straight line RX is the vibration- 
direction of the ray Or, for the jilune of jKilarisation of the latter is that 
containing the propagation direction Or itself and tin* per|M*ndicular R) 
the section (that is, to the jiaper). 

This is jirecisely Nvhat is implied in the above-ipioted statement of 
Fletcher. For the |)oint R obviously determines lioth the ilirection and 
velocity of propagation, and the directions of vibration and of polarisa- 
tion of a .sj>ecitic ray corresponding to the )>oint. The |M)int being a 
general one, that is, (ajiable of being chosen anywhere on tin* ellijisoid, 
these geonietrnal cliaraiters at the point ilefiin* the optjial behaviour 
of any ray travelling within a crystal of uiiiaxial ojitu'al «’haracter 
absolutely. It is only necessary to draw the normal to the surface of 
the ellipscnd at the |Knnt in (juestion, that i.s, to draw the jsTpendiciilar 
to the tangent at the jsnnt (the usual method lieing to bisect the angle 
between the lines joining the point and the fo<i F of the (*llipse, the 
bisecting line being the normal), and then to <lraw a )M*rjK‘ndicular to 
this to pass through the centre and j>nMluce it far enough to meet th« 
ellipse again at r. 

Besides RX there will la* another normal to the radius vector Or, 
perpendicular to the plane of the pajH*r at 0, and lying in the equatorial 
circular section, with length equal to OX. It is related to the ordinary 
ray Os as RN is to the extraordinary Or, for it is the direction of 
vibration of the ordinary ray just m RX is the direction of vibration 
of the ^raordinary ray, and the velocity of this ordinary ray is inversely 
proportional to OX. ^ 

Thus the relations of the ordinary and extraordinar)' rays in any 
direction in a uniaxial crystal can be derived from a single surface, an 
ellipsoid of revolution, the “ indicatnx ” or “ indexel!i[)soid,” the axis of 
rotation and the diameter of the equatorial circular section of which bcdiave 
to each other as do the reciprocals of th.* velocities of propagation of 
rays vibrating parallel to and perpendicular to the axis, that is, as the two 
refractive indices c and w. For a negative uniaxial cr)'^stal, for which 
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w>€, its rotation axis is the smaller, and for a positive one, when oco, 
the maximum axis is that of revolution. 

The above derivation of the indicatrix of a uniaxial crystal is only 
that of a special case of the general ellipsoid of three axes proportional 
to the three refractive indices. In this general ellipsoid only the 
normals to its surface at the six points forming the ends of the three 
axes pass through the centre. To each of these i)oints there corresjwnd 
an infinite number of ordinary rays of equal velocity, and the directions of 
vibration of which lie in the perpendicular principal section-plane. But 
only three principal sections now occur, instead of the infinite number of 
such in the uniaxial ellipsoid, namely, those perpendicular to the three 
principal axes. As the propagation- velocity of the ordinary ray in such a 
principal section is inversely j)ro{)ortional to the semi-axis |)erpendicular 
to it, the length of which is each time different, the rays possess in each 
' principal section a different refractive index. These three indices are 
the three chief ones a, y, which thus 
correspond to three kinds of ordinary rays 
vibrating respectively parallel to the three 
principal axes. 

We can at once construct the “ indi- 
catrix ” of Fletcher from the three refractive 
indices a, y determined experimentally for 
the three axial directions, which latter are 
common, of course, to the two ellipsoids of 
Fresnel and Fletcher, and which directions 
are known either from the morphological 
symmetry if rhombic, or from experimental 
determinations by the method of extinctions 
if the symmetry be monoclinic or triclinic. 

The Indicatrix of Fletcher. To construct the Fletcher indicatrix we take 
the length of the axis OA proportional to the 
minimum refractive index a, that of OB to the intermediate index 
and that of 00 to the maximum index y, as in Fig. 652, 

There are three properties of practical importance pos8e.ssed by the 
indicatrix : 

(1) The principal axes OL and OM of any section of the ellipsoid— 
which as in the case of the Fresnel ellipsoid is always an ellipse except 
in the two special cases of the circular sections perpendicular to the optic 
axes — are proportional to the refractive indices of the two beams of light 
the wave-directions of which are parallel to the normal to the seclion OP, 
and not in general to those of the beams the directions of propagation 
of which within the crystal are parallel to OP itself. For these wave- 
directions are the perpendiculars to the wave-fronts, and are only identical 
with the directions of the rays when the latter both move along one of 
the three axes OA, OB, OC, that is, when the section is a principal one. 

(2) As the principal axes OL and OM of the elliptic section lie in 
the planes containing the normal OP and the directions of vibration 
of the two plane-polarised beams, they (the axes) express the refractive 
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indices correBponding to the two beams and also their planes of 
polarisation. 

(3) The difference in length of the two axes OL and OM affords the 
measure of the double refraction of the section -plate, that is, the bi- 
refringence along the direction of the normal OP. 

Optic Axes and Meditn Lines. — The phenomenon of 0 }»iie axes, so 
important in practical crystallography, is at <mee elucidated by the 
properties of the Fresnel ellijjsoid or the indicatrix. It has already l)een 
pointed out that the cHijisokI of three unequal rectangular axes, which 
'most generally rejirescnts the optical characters crystals, must of 
necessity have a pair of circular sections, in certain positions which are 
de|)endent on the relations of the huigths of the thn*e axes, but which 
W'ill in any case he symmetrical to the principal elliptic section, the major 
and minor axes of which are the maximum and minimum axes of the 
whole elli|>8oid. 

For if we examine this princijail elliptic section it will he obvious 
that, hetween these two extreme radii, in every (juadrant of the ellijise 
there must he a jiosition on the curve where if a radius In* drawn to the 
centre it will he equal to the intermediate axis of the ellipsoid, tho 
normal to the plane of the jirineipal section under consideration. Henee, 
the section containing the.se two mutually prjM'iidicular equal radii must 
be a circle. As the four jaiints in (piestion on the principal ellqise are 
Bymmetrically jilaced with resjM'ct to the maximum and minimum axes, 
they will he at the ends of two diameters equally inclined to tlic'se jirincijial 
axes, that is, np[)osite pairs of the four radii are in the same straight line ; 
and the two sections of the ellipsoid. ea< li containing one of these two 
diameters and the intermediate axi.s <d the ellipsoid jKTpendieular to them, 
will l>c the two circular sections in (piestion which intersect in the inter- 
mediate axis. 

Now the two normals to these two circular sections of the ellijmoid 
of general form will clearly he directions of single refraction. For rays 
transmitted along them will vibrate with e(pial velocity in all azimuths 
in the circular section |K*r]>endicular to the din*ction of the rays. These 
normals to the circular sections are the ** optic axes.*’ 

This accounts for the fact that crystals of the rhomhie, monoclinie, 
and triclinic systems of symmetry are “ biaxial ” ; for these are the 
systems the optical charaet TS of which are expressed by an elli])Moid of 
general form. 

When two of the axes of the general ellipsoid ajqiroaeh each other 
in length until they become equal, and the ellipsoid liecomes one of 
revolution, the two circular sections rotate, equally about their common 
diameter, the intermediate axis, until, when the latter becomes equal to 
the other axis the length of which it is approaching, the angle between the 
section -planes becomes zero and the two sections coincide, me.ging inco 
a single circular section, {x*rpendicular to the one principal axis, which 
remains different to the two now equal lying in the circular section. 
This outstanding axis perpendicular to the unique circular section is 
then the only qne direction in the crystal along which no double refraction 
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occurs, and the crystal is consequently optically “ uniaxial.” Thus it is 
that crystals of the trigonal, tetragonal, and hexagonal systems of 
symmetry are characterised optically by an ellipsoid of revolution, the 
axis of which is coincident with the unique trigonal, tetragonal, or 
hexagonal axis of morphological symmetry, and that they display only 
a single optic axis, also identical with this same singular direction. 

In the case of the optic axis of a uniaxial crystal this direction is 
truly and absolutely a direction of no double refraction, for rays 
transmitted along it are free to vibrate in any azimuth perpendicular 
to it, and do so with absolutely the same velocity in the directions of 
all the radii of the circular section perpendicular to the axis. Moreover, 
the wave-front of such a ray is always perjiendicular to the direction of 
propagation of the ray, that is, a tangent to tlie wave-front is parallel to 
the circular section ; the section of the cylindrical beam of rays itself is 
also circular and perpendicular to the ray-direction. Further, all rays 
travelling olong the optic axis are ordinary rays, and afford the refractive 
index m, corresponding to vibiations in the circular section. 

The mutter is not so simple as regards the two optic axes of a biaxial 
crystal, for the two circular sections are not like the uniaxial circular 
section in being each a principal jilane of the ellipsoid ; they are merely 
two ordinary sections of the ellipsoid by two j)lane.'< symmetrically inclined 
to one of the principal planes, and intersecting in one of the jirincipal 
axes of the ellipsoid, the intermediate axis. Hence, the wave-front of 
a ray travelling along either of the two optic axes of a biaxial crystal, 
perpendicular to one of the.se circular sections, will not be jierpendicular 
to the direction of the ray, and the section of the cylindrical beam by the 
wave-front will have an ellijitic and not a circular form. For it has already 
been shown (page 876) that a perpendiiailar wave-front affording a 
circular section of the beam only happens for a biaxial crystal when the 
ray is propagated along one of the three prim-ipul axes. The direction 
of vibration, however, will, as always, be perjiendicular to the 
direction of the ray, and its jilane of jjolarisation will be perpendicular 
to the direction of vibration and parallel to the direction of the ray. The 
inclination of the wave-front to the ray-direction, however, introduces 
a distinction from a uniaxial optic axis, and although its [irac^tical effect 
is so small that in most ca.ses it is not dete(‘ted by the ordinary experi- 
mental method of locating an optic axis, by means of the interference 
figure in convergent polarised light, still there are exceptional cases in 
which it becomes of practical importance, and it is necessary that the 
real nature of the case should bo thoroughly understood. The ‘question 
must, therefore, be investigated a little more closely. 

Let the circular sections of both the indicatrix and the Fresnel 
ellipsoid be drawn, as in Figs, 663 and 654, and let their normals be 
N and N', and n and n\ respectively. As all the radii of the circular 
section are equal, and in the case of the indicatrix correspond to the 
refractive index for rays the wave-fronts of which are perpendicular to ON 
or ON', it follows that all rays having these wave-fronts have the same 
refractive index corresponding to a velocity which is inversely proper* 
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tional to this index and to the radius OB which represents it graphically. 
Hence, these rays may be polarised in any plane and will not be resolv^ 
into two rays of definite planes of polarisation, and in short- behave if 
the crystal were singly refractive along th.fw? two directions of the normals 
ON and ON'. These directions are calletl the ” primary optio axai,** and 
by FleUdier more jm'cisely t he “ optic binormali.’' 

But in the case of the hVsnel ellijjsoid, the veloi'ity along any 
direction is Kiven by the axes of the section jH‘r|>eiulicnlar to it. so that 
the ray's pa-ssing along the normals ()« and 0«' to the circular sections 
can only have one velocity, the sections being circles and not elli|iHes. 
Hence On and On' are calhnl the ** secondary optic axet.'^ The 
distinction must be remembered that it is here in the Fresnel (‘llijwoid 
a question of the ray itself travelling along the normal On or On', and with 
u wave-front which may 1 m* slightly inclined from the |M*r|H*ndieiilar to 



Flu. SB-I.—Fletchor Indlcntrlx sliowlnii Ihe Fio. Fresnel slewing Sectmdsry 

Friinary ()ptlc Axes O.N an<l UN'. UpHc Axes On ainl Ow'. 

the direction of projiagution ; whereas, in the case of ihe indicatnx, it 
was the wave-front whnli wa.s jM*riK*ndicular to the direction ON or ON' 
and was represented by the circular section, as this wa.s the tangent jiiatie 
of wave - fronts ]M‘r[M‘ndi< ular to the lunonual. 'I’lie cases are not 
similar, because, a.s regards tin* case of tlie Fresnel ellipsoid, two rays 
may pass in the same direction inside a crystal having diffen*nt 
wave-fronts, and also, a.s concerns the case of the indicatrix, rays having 
the same direction of wave-front may take slightly difierent jiaths through 
the crystal, that is, their patlis may be slightly inclined to ON or ON'. 

From the practical joint of view, however, this distinction between 
primary and secondary optic axes is of little iinjairtance, for most rays 
are bo nearly jierjiendicular to their wave-fronts that the-se two kinds of 
optic axes appear identical to all practical t<*st8, excej)t such as are 
specially designed to bring out such a nimuU.* difference. For even 
their accurately determined positions are rarely more than a very few 
minutes apart. Occasionally, however, exceptions are observed - sulphur, 
for instance, for which their separation amounts to so that the 
phenomenon dlnnot be ignored. 

* V0L,n 
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The observed optic axis, either of the two which are indicated in 
convergent polarised light by the vertices of the two hyperboUc 
“ brushes ” in the centres of the innermost optic axial interference rings, 
is really the axis of a cone of rays of very small angle, passing through 
the crystal and emerging in air as a cylinder. Those rays the paths of 
which inside the crystal lie on the surface of this cone are those which 
alone are singly refracted, and which unite on emergence to form the 
cylindrical beam. Within the cone, double refraction of a kind known as 
“ Inner Conical Refraction ” occurs. Hence, the two optic axes of a biaxial ^ 
crystal are not entirely of the same character as the single optic axis 
of a uniaxial crystal. For the unirjue optic axis of the latter combines 
in itself the qualities of both primary and secondary optic axes, the two 
absolutely coinciding. Hence, the singular crystallographic axis of a 
trigonal, tetragonal, or hexagonal cry.stal is truly, in the strictest sense, 
a direction of no double refraction. For both the indicatrix and the 
Fresnel ellipsoid obviously become equally an ellipsoid of revolution in 
the rases of uniaxial crystals. 

The nature of the Cone of Inner Conical Refraction can be best 
understood by considering the wave-surface. Let OA and OC m 

Fig. 655 be the axes of 
maximum and minimum 
vibration - velocity of the 
Fresnel ellipsoid, that is, 
the major and minor axes 
of the principal elliptic 
section. A ray ])roj)agated 
in air along the direction 
OA would, when travelling 
inside the crystal, outwards 
from the centre 0 towards 
A, he resolved into tw'O 
rays vibrating respectively 
along OC (the direction 
of minimum vibration- 
velocity) and OB (perpen- 
dicular to the plane of 
the paper), the direction 
of intermediate vibration- 
velocity. When the latter 
ray had reached 6 the former 
vroidi only be at c. Simi- 
larly, rays travelling along OC would be rcvsolved into two inside the 
crystal, vibrating severally parallel to OA (the direction of maximum 
vibration-velocity) and to OB again (the intermediate vibration-velocity 
direction normal to the paper). Consequently, the former ray would have 
reached a when the latter had only reached b\ The two positions h and b' 
being equidistant from the centre, the section parallel to the j^per, of 
the wave-surface of all rays vibrating parallel to the intermediate axis 
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perpendicular to the paper, ia obviously a circle, the radius of which 
is proportional to the intermediate vibration-velocity. The other 
curve on which a and o are situated, representing the wave-sctrhoe 
of waves vibrating in the plane of the paper, is an ellipse, with axes 
Oo and Oc proportional to the maximum and minimum vibration- 
velocities. 

Rays travelling along the line joining the centre 0 and a point of 
intersection p of the circle and eili^ise would travel with the same 
, velocity within the crystal, because here the vibration- velocity is the 
same both perpendicular to and in the plane of the j)aper. These 
directions Op and Op are the ** Seoondary Optic Axes,*’ or ** Axes of 
Single Ray Velocity.** Hut the tangents t and I' to the two curves at 
the jwint p arc obviously differently inclined to Op, and the two rays 
travelling along Op will consequently be disBiinilarly ndracU'd on 
emergence into air. The two curves, however, have a common tangent 
T, and as similar arguments apply for rays travelling along OB (jier- 
[londicular to the pa|H*r) to those winch have Wen used n^garding W’avos 
propagaUnl along OA and OC, tlie tw'o curves in Kig. 055 are, as just 
indicated, really th(‘ sections of the two shells of the wave-surface, so 
that the common tangent T to the two curves is a plan or trace of a 
common t^angent plane to the ext-<Tior shell, covering the depression in 
the latter, and the line of contact of w^hich, as iiidieaUMl in Fig. 642 illustrat- 
ing the two shells of the \save-Hurface, is a small circle on wliich m and m' 
are two jMjints, this circle being the base of the cone of inner conical 
refraction 7«Om'. All rays travelling \Mthin the crystal from the centre 
along the surface of this cone will consequently emerg(‘ as a cylindrical 
beam nn\ parallel to the primary opti<' ux’s or tJie “ optic axis as 
measured by the use of the interfereme figure in convergent jwlariscd 
light. The normal niu to the common tangent at the jKunt tn where it 
touches the circle is obviously a continuation of the radius Otn at the 
jK)int, and is the actual direction of the j»rjmary optic axis, tlie cylindrical 
beam being not only parallel to it but })ound(*d by it on one side in the 
plane of the section, the other iKnmdary being the j>arallel line m'n'. 
This direction of the “ Primary Optic Axis *’ Omn is also termed the 
**Axil of Single-Wave Velocity,** and is identical with the direction of 
the normal to the circular eection of the optical indicatrix, this normal 
and its fellow on the other side of the bisectrix of the opti(; axial angle 
being the ” Binormals ’* of Flet< her. These tw'o cylinders of rays nn' 
and parallel to the symmetrical pair of primary optic ax(js, together 
form the equivalent in biaxial crystals of the single optic axis of uniaxial 
crystals. But that the two cases are different will W apparent from the 
fact that there is the inside of the cone to consider, if we desire to go 
into the ultimate details of the biaxial case. The conditions are grossly 
exaggerated in Fig. 655 for obvious reasons of clearness, the angle of the 
cone rarely reaching 2 degrees. If the ordinary case were drawn to 
scale the angle of the cone would be so small that the two lines Dm and 
Cm' would almost lie in contact throughout their length, with m, p, 
and m' approi£nately identical. 
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When a section •})lat€ is cut out of the crystal perpendicularly to 
the primary optic axis Own, and a cylindrical beam of parallel rays is 
allowed to fall normally \i\m\ it, they will travel within the crystal 
along the Hurface of the cone, a circumstance from which the term 
“ Cone of Inner Conical Refraction ” takes its origin. 

The above explanation is due to 8ir William Hamilton,^ and its 
correctness was proved exfiorimentally by Dr. Humphrey Lloyd® in a 
memoral)le series of experiments suggested by the work of Sir William 
Hamilton. A crystal of aragonite was emjiloyed, the rhombic form of 
dimorphous carbonate of lime, (’aCOj. Aragonite, like the other better 
known trigonal form of calcium carbonate, our invaluable calcite, is a 
beautifully transparent colourh‘ss mineral very suitable for the purpose, 
and particularly so as it posses.ses a relatively large angle, nearly 2°, of 
inner conical refraction, (^oml)ined with an unusually small optic axial 
angle, the true angle 2Vft for Hodium light being 18° IT, and the 
apparent angle in air 2L being 30' 52'. The mode of carrying out the 
ex{K.'riment is illustrated in Kig. (556. 



A plate of aragonite abed a quarter of an moli thick was ground out of a good 
crystal ^Mirpendundarly l<» the acute lu.soctrix of the o])tic axial angle, and a narrow 
lieatn of parallel light rays allowed to im- 
'' pingo on It from an a^ierturo in a screen s. 

C 30 Br-.pB 538 surface of the ])late nearest th(‘ screen 

® was covered with a thin metallic plate s\ 

in which also a small aperture was pierced. 
The )>arallol beam was so arranged tliat it 
passed through the hole in the metallic plate, 
and was incident on the crystal at 0 at the 
somi-optic axial angle in air, E - 16 20', 
as measured by the double of the angle 
of ndloctem .lOr, The angles are all ex- 
aggerated in the drawing, as otherwise the 
cone of inner refraetion would not l>e clearly visible. The rays then passed through 
the crystal along the surface of this cone of inner conical refraction Omw', and 
the cylindrical beam wa.s received on a silver senn'ii Two images of the aperture 
wore produced on this sen'en until the ailjustmeut of the plate and of both screens 
a and a* was ]H'rfoctly attained, wlum suddenly tlie two images closed u]) and formed 
a brilliant ring of liglit, of unchanging diameter ««', dependent only on the thickness 
of the plate. This n>markal)le result proved that the beam was indeed cylindrical and 
hollow, and that it corrt'sponded to the light rays proceeding within the crystal along 
the surface of the cone. The angle of the cone was found to be V 50', extremely close 
to the value, 1® 66', predicted by Sir William Hamilton. 


Fia. OSe. I.lovU’n Kxperliiu'iit on Inner 
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It is also interesting to observe what occurs ^hen a beam of light 
traverses the crystal along the direction of one of the secondary optic 
axes, say Op in Fig. 655. Such a narrow beam of parallel rays should 
emerge into the air aa a conical beam, and does as a matter of fact, 
giving rise to the phenomenon of “Outer Conical Retraction.** This 
was proved by a second exfieriment of Dr. Lloyd, employing the same 

^ DubliH TranaacAioM, 1839, 17, 132, an account of a paper read in 1832. 

« 1%1 ATag., 1833, 2, 112 and 207. 



CHAP. XII LIGHT TRANSMISSION THROUGH BIAXIAL CRYSTALS aS5 


crvKtAl pUt« of aragonite, abed in Fig. (>67, as for the exj>eriment just 
described. 


A metal plate perforated by a small hole was laid in this case against each surface of 
the crystal plate, and the two plates « and Y were so adjusted that the direction of the 
line through the crystal joining the two apertures was parallel to the secondary optic 
axis Op. A lamp dame was then adjusted on the 

0-side so that the axis of the cone of rays from it • 

to the aperture at O made an angle of incidenoe 
of about 15i° on the plate, the amount of the 
’ semi-optic axial angle. On looking from the other 
side through tlie a|)orturD p in the plate s', the final 
adjustroonts having been carcfull}' made, a bright 
ring of light was again seen. The cone of outer 
conical refraction pqr had been a<.'tually produced, 
and its basal circle afforded the brilliantly illumin- 
ated ring of light observed. On either side of this 
adju.sted position the ring broke up into two 
images of the flame or aperture 0. 
of light was produced when the lamp was replaced 
by a beam of light focussed on the a{M>rlure 0 by means of a lens f, as shown 
in Fig. d.>7, so that the axis of the cone prc*cec«lmg fnun the lens to the plate was a 
continuation of the line Op, the aiK'rture at p cutting off al) but this axial ray Op. 
The aperture p requires to lie very small in this form of the oxjieriment. 
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The forogoing hitlnTl4> LM‘iu*rally anepted cxplanatioim of the cxikti- 
nicnts of Dr. Lloyil have heiMi showwi l»v W. V<;igt * not U) cxprt'Hfl the 
whole truth. For the ra)H aKsuined to he parallel, an they fall on the 
crystal plat<' in the experiinent for inner conli'al refraction, never are 
HO truly and ahsoluOdy, a fa«-t whnh is indicated hy tin* ohnerved gradual 
spreading out of the rays as they appr<>aeh the hollow cylinder, iriKU*ad 
of suddenly producing the hright ring So long ago as the year 1839 
it wtw ohservtKl hy P<iggendorfT,* and lonfirined laO*r hy llaiding<*r,* 
that w'hon the pncil of rays is very fun* the hriglii ring is divided hy a 
dark circle into an inner and an outer ring. The investigation of Voigt 
in 1905 was direct<*d to ascertaining tlie directions of the wave-norinalH 
closely a'ljacent to the optn* hinonnals When tlie wave-normal direc- 
tions encircle the hinonnal. stainling out at a small angular distance} 
therefrom, the two sets of ravs di'-si rdn* two ( ones, which ar«* coaxial with 
the theoretical ray-coin! of inn<‘r conical refraction, and the s(‘ction of 
which perpendicular to the hinonnal eonsists of two eonceiitric circles 
about equidistant from the circular section of the cone of conical refrac- 
tion. incident light-waves the normals of which fill the spac'e l>etween 
the two cones fumisl^ consequently two concentric narrow rings of light. 
The light energy is the smaller the more minute the angle of the cone, 
and is a minimum, infinitely small, for that ring which originates from the 
infinitely narrow wave-normal cone which contains the hinorrnal itself. 
Consequently the obserx'ed rings of light, the diameter of which depends 
on the angular aprture of the jiencil of incident rays, correspond to 

* Phui. Ztilsckr., 1905, 6. 673 and 818. • AnnaUn, 1839, 48, 461, 

• I bid., 1853, 86, 486, 
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wsvo'normals that are not exactly parallel to the binormal, and do not, 
therefore, originate from the conical refraction. As the size of the aper- 
ture increases, through which the light waves are admitted, the Poggen- 
dorff dark circle becomes invaded, irradiated, and eventually fully illumin- 
ated, by the mutually approaching and finally coalescing pair of bright 
rings, just as the two stnlium D-lines of the 8j)ectrum become a single 
line when the very fine slit of a spctroscope is slightly opened out. 

As regards outer conical refraction, tlie distribution of intensity in 
the issuing cone of rays is essential ly the same as in the incident rays, 
and there is no occasion, therefore, for the production of a dark ring 
analogous to that of Poggendorfl, Yet here again the observed ring of 
light does not come from rays wliich have really suffered conical refraction 
and been transmitt^r'd exai tly parallel to tlie axis of the rays, but from 
rays which have been transmitted along all possible other neighbouring 
directions closi'ly adjacent to that axis. 

The plienomena of internal and external conical refraction can be 
observed with tlie microscope by a method which has been described 
by it. 8. flay,* A crystal of aragonite is arranged on the microscope 
stage, and the microscope is arranged to afford the interference figure 
in convergent polarised light, as d(‘scribed in C'hapter Lll. The crystal 
plate is then tilted until one of the optic axcK if, brought to the centre of 
the field, so that this optic axis liecome.s parallel to the axis of the micro- 
scope, A thin lirass plate piereed l>y a pinhole has previously been placed 
under the crystal plate closely in contact with the latter, and with the 
pinhole central. A second similar brass plate pierced by a somewhat 
larger pinhole, not exceeding half a millimetre m aiierture, however is 
also arranged beneath the stage, .say in or on the condenser tube from 
whu'h the lenses have been removed (or otherwise supported at about 
the distance from the stage which the condenser usually occupies). The 
light from a sodium flume is tlum reflected by the mirror through the larger 
pinhole Htid towards the smaller one. The microscope is now arranged 
for parallel liglit, a lower power objecd.ivi* being employed than was uLd 
for producing the interference figure, and the upper surface of the crystal 
IS focussed. 1 wo doto then become visible, and on moving the lower 
pmho e diaphragm about in its own plane the two dots alter tlieir position 
and this alteration occurs more and more rspidlv the more correctly the 
optic axis has been adjusted parallel to the microscope axis ; when the 
adjustment of tlu' diaphragm has aLso been correctly obtained for the 
observation of the desired phenomenon the two dots rotate rapidly around 
one another, and with a little final adjustment they eventually suddenly 
enlarge into a continuous circle of light. That this ring of light is the 
aection of a cylinder is proved by gradually raising the microscope by 
the coarse adjustment so as to focus sections of the cylinder at difirent 
distances from the crystal, when it is found that the ring remains approxi- 
mately of the same sire. 

The experiment c«n be made quantitative by meaauring the diameter 
of the ring, with the aid of a calibrated micrometer eyepiece, and also 
* Tnatin on Pt:actical Light, p. 481. • 
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meaAurmg the thickness of the crystal plate with the thickness measurer 
(Fig. 893 on page 1320 in Chapter LVII.). The former dimension (the 
^ameter of the circular base of the cone) being lettered AB, and the 
latter (lying on the cone) being either AC or BC, when ABC ia the 
triangle representing the cone, the angle of the cone A(''B can be 
calculated, and for aragonite will work out r 55'. 

A similar exjieriinent can be carrml out for the observation of external 
conical refraction, but the two pinhole diaphragms must be clasely below 
and closely alxive the cry.stal, and candully mutually atljusted until the 
two dots first wH*n move rapidly around each other and eventually ojien 
out into a circle. This is now the section of a cone and not of a cylinder, 
as it ( hanges its size on raising the niicroscojM\ Measurenient.B of ite sise 
at two different measured heights affonl means of caK ulating the angle 
of the cone, which is 3"^ 1' for aragonite. 

The ])henomena of inner and outer conical rcfrai tion thus affonl the 
final jiroof that the tlieory of the transmission of light through biaxial 
crystals given in this chapter is correct, and also demonstrate in the most 
perfect manner tiie true character of the two optic axes of a biaxial 
crystal, and their essential difference from tlie simjiler single optic axis 
of a uniaxial crystal. 

The Median Lines, and their Order with respect to the Refractive 
Indices. — Whichever one of the two extreme axes, the maximum and 
minimum axes, of the optical ellipsoid (wlicther the latter lie the indi- 
catrix or the Fresnel ellipsoid) bisects tin* acute angle between the two 
optic axes, is t-ermed the “First Median Line” or the “Acute Bisectrix 
of the Optic Axial Angle.” The other of these two axes is then 
obviously the ** Obtuse Bisectrix of the Optic Axial Angle ” or “ Second 
Median Line.” Considering the indn atnx as tin* more practical ellijisoid 
for our purf)ose, as its axes directly repres<‘nt the relations of the three 
refractive indices, if the interme<liat4‘ axis, as repreM<*nt(Nl relatively by 
its refractive index j3, be nearer in relative length to the minimum axis as 
represented by the refractix’e index a, than to the maxiiriuin axis repre- 
sented by y, then the crystal is saul to Is* a ** Positive ” biaxial crystal ; 
but if jS be nearer to y than to a, then it is a “ Negative ” crystal. In 
the former ease of a |K)sitive biaxial crystal, shown in Fig, 653, the 
circular sections will lie inclined to the ]>lane of the a and axes at less 
than 45°, and their normals, the oj>tic axes, will thus lie symnietrically 
at an angle of less than 45° on each side of the maximum axis y, which 
is, therefore, the acute bisectrix or fimt median line, a being the obtuse 
bisectrix or second median line. This will be still clearer from a 
consideration of the %imple Fig. 658. In the latk'r case of a negative 
crystal the converse happens, a being the first median line and y the 
second, the circular sections lying less than 45° from the axis y. A 
very useful fact to remember is that the first median line is always that 
extreme axis which is furthest in value from 

In those systems, the monoclinic and trirlinic, in which the orientation 
of the optical ellipsoid is not fixed by the symmetry (except that in the 
monoclinic system one of the axes of the ellipsoid is identical with the 
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Byrametry axis), the median lines will differ in position (except that 
identical with the monoclinic symmetry axis, if such identity occur) for 
different wave-lengths of light and different temperatures; in other 
words, the median lines will show dispersion 
under different conditions. The various 
modes in which this can occur will be 
studied in detail in the latter part of the 
next chapter. 

Resume of Relations between Morphological 
Crystal Symmetry and the Optical 
Ellipsoid. 

Tniaxial and isotropic crystals may be 
considercil as special cases of the more 
general biaxial crystals. For whm two of 
the principal axes of either the indicatrix 
or the Fresnel ellipsoid liecome equal, as 
m trigonal, tetragonal, and hexagonal 
crystals, an ellijisoid of revolution is pro- 
duced, the crystal becoming optually uniaxial. The axis of revolution 
is thi’ii not only the principal crystallograj)hic axis, the trigonal, 
tetragonal, or hexagmial axis in the crystals of these systems, but also 
the unique optic axis or direction of no double refraction. There 
will Ih> only two refractive indices, now labelletl oj (vibrations {H‘r- 
jK'ndicular to the axis) and € (vibrations parallel to the axis) on 
account of the corresponding rays being ordinary and extraordinary ; 
for two of the three refractive indice.s corresjionding to the general 
biaxial case are now equal. 

When all the axes of the eiliiwoid are equal, the latter becomes a 
sjihere, and we have the sjK'eial ra.se of cubic ery.stals, with no double 
refraction in any ilireetion, the isotropic character being accompanied 
by the display of the highest type of morphological .symmetry. All 
sections being circular, all rays will travel witli equal velocity through- 
out tlic crystal, and there will he only one refractive index, now 
generally lalielled /x as for isotropic suhstances in general. 

The general case, that of a biaxial crystal, has been shown to apply 
to all ort.horhomhie, moiioelinie, and trielinie crystals, the ellijisoid 
having three different rectangular principal axes, three different 
refractive indices a, y, corresjwnding to rays vibrating parallel 

thereto, and two optic axes. The highest tyjil' of symmetry here 

involved, the orthorhombic, i.s charaeterised by identity of the three 
rectangular erystallographic^ axes with those of the ojitical ellipsoid, 
whether the latter he the indicatrix or that of Fre.snel. In the mgno- 
clinic system, the ellijwoid is free to rotate about the unique axis of 

symmetry, which alone is identical in direction with one of the 

axes of the eliijxsoid, which may be any one, but the paijticnlar one is 
definitely determinate for each substance crystallising in^this system. 
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The position, as regards rotation about this axis, is definite within 
certain limits for each substance ; but rotation does occur, indicated by 
dispersion of the two axes of the ellipsoid lying in the symmetry plane, 
for different wave-lengths of light and for different ten»|>eratures. In 
the triclinic system there an* no restrictions as to the relative positions 
of the morphological and ellipsoidal axes, except, of course, that the 
thn*e ])rincipal axes of the ellij^soid are, m accordance with the very 
nature of an ellipsoid and in contradistiin tion t-o the obliipie relations 
.of the crystallographic axes, at right angles t-o eacli other as always. 



eiiAPTKR XLII 

INTKHFKKENCK COLOURS OF THIN FILMS DUE TO TWO REFLECTIONS, 
AND INTKRFKRENCK PHENOMENA KXHIRITEI) BY CRYSTAL PLATES 
iN PARALLEL ANU CONVERGENT POLARISED LIGHT, DUE TO DOUBLE 
REFRACTION 

Newton’s Rings and Orders of Colours.—One ol tlic most familiar 
plienomcna in optics is the production of Newton’s 8|)ectrum-coloured 
rings by pressing two glass surfaces closely together. It will be 
romemliered that they are best ])roduced either by laying a plano- 
convex lens of very large radius of curvature by its convex side on a 

plate of glass, or by placing 
two circular plates of truly 
parallel and ]>lane-surfaced 
glass together, with a 
marginal annulus of gold 
leaf between them, and press- 
ing inwards the centre of 
one of the plates by a screw 
earned by the supporting 
annular frame, in o^er to 
cause the jilates to touch at 
the centre. In either case 
the ea.sential thing is a circu- 
lar fdm of air the thickness 
.of which increases regularly 
and excessively slowly from 
zero at the centje to a 
}>erceptible thickness at the 
FIO. 66i).--Photo*rraphic iieprojiuct^ circiftnference. 'The inter- 

ference rings, ms-coloured 

in white light but sharper and black in monochromatic light, may be 
observed either by reflection or transmission. The former, as it affords 
the more brilliant 8i)ectacle, is usually preferred for demonstration 
purposes. The reflected and transmitted rings occupy complementary 
positions, the dark annular bands of the one in monochromatic light 

occupying the positions of the bright ones of the other. Fig. 669, the 
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BHJiP. lui LSTERFERESCE COLOURS OF THIN FILMS 


891 


reproduction of a pboU>v!Taph of the rings in white light, will remind the 
reader of their appearance, aa far os a photograph in black and white 
can do so ; and Fig. 66^^ will recall the conditions, the curvature of the 
curved surface being mmo nsely exaggerated for the sake of clearness. 

The rings are equal in an'U, heme they get narrower as we recede 
from the centre. Whei. the incident ray enters, it is reflecUMl both 
from the under surface AOB of the lens or 
bent plate, say at the jioint Q, and from the 
upper surface of the plate (’01). say at 1\ 
and these two reHected rays wull <litTer in 
phase according to the thicknes.s of the 
air-film at the sjiot, that is, acconling to the 
amount of extra jrnth traversed by the ray 
reflecUKl from the plane surfa<*e (’Of), 

When the delay is to the extent of half a 
wave-length, as shown on p. 8(X) of (’hapter 
XXXVI, in discussing tin* subject of the 
interference of liglit-waves, tsttal interference 
and mutual destruction should occur, half- 
pha.se difference always producing extinction 
of the light, assuming it to be strictly mono- 
chromatic, that is, com|K).scd of vibr.itions of 
a single wave-length. If the wavc-lengtii lx* varied, that is, if the apparatus 
be illuminated by monochromatic light of different colours in successjou, 
the black rings will alter their position, both us regards their distance 
from the centre and their mutual dislames from each other, IxM-oming 
closer together or opening out according as tl.<* change is niaih' t-owards 
the blue or the red end of the spectrum, that is, as the wav(‘-l(*ngt.li is 
shortened or increa-si'd. The ra<lius of any ring varies as the s(juani 
root of the wave-length of the liglit pnalining it. Consequently, in 
white light the dark rings prminciHl for one constituent c<»lour are 
illuminated by the bright rings of other colours, the most effective and 
predominant being the complementary colour. Hence, rainl)ow bands 
are produced, and each ring is l>order<‘d inside by hmI and outside with 
violet. After the seventh ring the further ones overlaj) one another so 
rapidly that tliey are invisible in xvhite light, the ordinary effect of white 
light ^ing afforded. The rings also change their jM>Hition wuth alteration 
of the angle of incidence of the light. 

The order of the colours given by Newton as succeeding each other 
in the several rings produced in white light, starting from the centre, is 
As follows; First (centml) ring, black (central spot), bine, white, yellow, 
red ; second ring, violet, blue, green, yellow, red ; third ring, purple, 
blue, green, yellow, red ; fourth ring, green, red ; fifth ring, gn^mish- 
blue, red ; sixth ring, greenish-blue, jiale rwl ; seventh ring, greenish-blue, 
reddish-white. This succession of colours is universally known as 
“ Newton’s Scale of Colours,” or ” Newton’s Seven Orders of Spectra.” 
It is useful to remember it or to have ready access to it, so that we may 
be able to reedgnise the particxilar order to which any polarisation or 


A II 



I iVK). i'umlliionB for tIkP i*ro» 
tludloii of Ncv^ion'a Iting*. 




892 


CRYiiTALLOGRAPHY 


PABT III 


thin-filra colour belongs. Red, in particular, is frequently referred to 
as “ of the second order,” “ third order,” or whatever order the colour 
under observation belongs to, meaning that it is the same quality of 
red as is seen in the second, third, or other ring of Newton’s series of 
interference frirjgcs. 

Measurement of Thicknesses for, and Conditions for Production of» 
Newton’s Rings.— An actual meaHurement by jjchwerd of the thickness 
of the air-film at the jmsition where the first bright ring in monochromatic 
red light is ])roduce<l, surrounding the central black spot corresponding 
to contact, revealed the fact that it was alsjut tlje l/lbO,(XX)th of an inch, 
which is approximately one-(|uarter of a wave-length of red light. For 
the exact wav<i-l('ngth of red C-hydrogen light is, in British measure, 
1/38,710 inch, and that of the red ray of cadmium 1/39,459 inch. 

Now the light rays have to traverse this thickness twice, so that the 
retardation is l/80,0(K)th of an inch. iienc<‘, the first bright ring cor- 
responds to a retardation of half a wave-huigth, which we usually associate 
with extinction. The explanation is a curious and interesting one, 
namely, tlint the act of rcllcction of a light-wave m air at the surface of a 
denser medium, ghiss m this case, itsi'lf alters the phase by half a wave- 
length. It may be illustrated by the fact that when two particles of 
different mas.s collide, if it be the lighter which strikes the heavier the 
former will not only set the latt(>r in some motion, but will also itself 
rebound and thus reverse its own motion. This sudden reversal cor- 
responds, in the ease of ether particles producing waves of light, to a 
retardation or ai'coleration of half a wave-length, A/2, that is, to a reversal 
of phase, on jiassing from a lighter t4) a denser medium. If, on the 
contrary, the heavier partich- strike the lighter it continues its direction 
of motion, carrying along witn it the latt(*r, so that no change of phase 
occurs when light jiasses from a denser to a rarer medium 

Hence, in the Newton’s rings experiment there is no change of phase 
at the curved iqipcr surface of the two surfaces concerned in the 
interference, but only at the plane lower surface. Consequently, there 
is only one such change of pha.se of A/2, which i.s, therefore, the total 
retardation due to reflection which requires to be added to that due to 
the difference of path. Thus it com<‘s about that we have a bright ring 
at the position where the difference of path alone would correspond to a 
dark ring, and at t he centre, where the, difference of path is zero, there 
being contact, the half wave-lengt.h change of phase due to reflection alone 
operates, the ensuing extinction accounting for the black central spot. 

Newton, in a series of experiments with yellow light, fohnd the 
absolute thicknesses of the film corresponding to successive dark rings to 
be 2/178,000, 4/178,000 inch, and so on, when the incidence was 4°. This 
gives 1/44,500 inch for the wave-length of yellow light, which is interesting 
as being the first determination of the wave-length of a light radiation, 
although Newton himself did not recognise the fact. 

Each dark ring thus corresponds to a further difference of path 
(twice the difference of thickness, as the space is traversed twice) of a 
whole wave-length, the additional half wave-length due to reflection 
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being constant throughout. The difierence of thickness of the air>hlia 
for each successive dark ring is thus half a wavcdenglii. These facts 
will be clear from the following table, which shows the thicknt'sses and 
retardations for each dark and bright ring in their regular order, as far 
as the third in each case, starting from the <vntre : 

r^lSDITIONS IfOB l‘l{Ol)l(TION OK NkWTON’s HiNUS. 





Keninliif ion. 


Order of Klrijj, 

Thickness of 
Alr-aim. 






Due to Ditference 

|)u« to 




of Cstii. 

llertecUon. 

Totiil 

Central blai-k s])ol 

Zero 

0 

\ 

\ 

First bright ring . 

\ 

4 

\ 

2 ' 

\ 

o 

X 

First dark ring . . 1 

\ 

2 

i ^ ‘ 

\ 

» 

liV 

Second bright ring . 1 

.T 

4' 

;i 

oX ' 

\ 

2\ 

Second dark ring . j 

\ 

2\ i 

\ 

o 

24\ 


5 

r> 

\ 


Third bright ring 

4' 

1 


3\ 

Third dark ring . . ! 


3\ i 

X 

2 

34X 


The thicknofw t of the film for the production of any dark rin^', (In* radiuM r of the 
nn)^, and the radius of curvature R of the curvnl Hurfai o (of the Ichh or <'iirve<i plate) 
arc connoi'ted in the followuig manner by the two formula' minila‘r<‘d (1) and (2), 
which can readily lx* oluci<lated from Fiji tUiO. If ON lx* that diameter of the <'m’le of 
curvature of the lens which is normal to the plate, ami a line TQ lie drawn ]>arallel to 
the plate from the point Q where the lij^ht is incident on the cuned aiirface, so that 
TQ - f, and OT QF t, then, by a well-known jiro^xTty of the cir« le (Kiichd, iii. !15) : 


that is, 


(TQ)* NT.TO; 
= orf 


NT 


But when R is vi'ry 'argo NT may without sensible eiror lx‘ taken as e<jmil to 2R, ami 
it may certainly be so taken for a curied Hurfa< e so nearly a true ]>lane as is nspiinsj 
for the production of NewUm’s rings ; hence, 


(J) • 


2R’ 


Now it will be »hown*in the next section that the conditmii for interfenmce 
(extinction) is : 

2u cos <f> 


a formula which thus affords another expression for I, and in which X is the wave- 
length in the medium of the film, in this case air, 4* is the angle of mcidenoe on the 
second surface relevant to the interference, n is the numlx>r of the ring taken 
consecutively frolh the centre, and m is the ndractive index of the material of the 
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film. As the Utter in the case of Newton’s rings is air, ^ = 1. Hence, for the 
production of the black ring n we must have : 

(2) i 

^ ^ 2R 2 cos ip 

or. if f„ be the radius of the ring numbered n, 

, n.X.R 

r n ' • 

COS fjp 

When the incidence is normal 0-0, and cos 0 = 1, so that the formula (1) and (2) 
simplify rcH]HM‘tively lis under, f„ being the thickness of the nir-film at the place where 
the ring n is produced : 

(1) » 2 * r®„ = nXR. 

Hence the squares of the radii of th<' dark rings are proportional to n, which is 
represented by tln' natural nuinU'rs I, 2, 3, 4, and so on. At the centre there is 
interference for all colours ; consequently, a black spot is produced. 

Coloun ol Thin Films. — If n transparent parallel-surfaced plate be 
80 thin that the retardation of the rays reflected from one surface, 
behind those reflected from the other surface, is .so slij'ht as to fall within 
the limits corres{K>nding to the first seven rings of Newton, the 
whole ])late will exhibit the particular colour to which such retarda- 
tion corri'sjxinds in the case of the }>roducti()n of the rings. In 

, Fig. GCl let A BCD represent such 

* ^ R a film, say of blown glass, soap solu- 

tion, or turpentine floating on water, 
and IF a ray incidi'nt at the angle 6 
on the upper surface APB of the film, 
where part is reflected and part re- 
fracted at the angle <f> towards S. 
At the second surface CSD of the film 
reflection occurs again towards Q, 
and at Q also from the recovered first 
surface ; but liere refraction also 
occurs, the refracted ray escaping towards U. But a directly reflected ray 
QR, incident at Q in tlie direction I'Q, will also reach the observer’s eye 
together with this refracted ray QR derived from the internal reflection 
of the first ray IP 8 at S ; that is, two rays, one of which has traversed 
the film and the other has not, will reach the eye of an observer looking 
along the direction RQ. They will be in a jwsition to interfere with 
each other if their difference of path should be approximately half a 
wave-length or an odd multiple of this, and the effect will be ^sible by 
the production of colour of one of Newton’s ordccs when the retardation 
does not exceed the seven wave-lengths correvsjionding to the seventh 
ring. Their difference of path may be found in the following manner : 

Draw PL perpendicular to IP and also the normals QN and TS to the two surfaces. 
Then the difference of path of the two rays is I’S+SQ - LQ, Now PS + SQ=2SQ, 
and if the tluckness of the film be t : 



t’lG. 661.— Diagram explanatory of Colours 
ol Thin Fllrai. 
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Abo LQ = PQ oot LQP^Pg «a and PQ*2TQ=r2T8 Un . Un 

Hftncft, (6) LQ a2< . Mil ^ t4ui 0. 

But the pari (6) of the path» b in air, while the pari (o), I^Q, (H'curt in the 
film, the relative velocities being afforded by the ratio of the refractive index m for 
the material of the film to that of air, which latter it unity. Hence, the value of (a), 
at the progrett of thb ray will be prolonged, mutt be multiplied by the refractive 
index of the film m. Wo then have for the total difference of jiath d of the two rayt : 

d -~(a) . fi. ~ {b) ~ _ 2/ . hill ^ tan 0. 

cot 0 

• At t^nd therefore tin tf =u tin 0 , we may Nubstitute thi» latter fur tin 0 

tin 0 

and ihut obtain : 

2 /m . /I \ 

d - 2 /m . tin 0 tan 0 = 2 /m - tin 0 tan 0 ) 

cos 0 \ cot 0 ' 

V cot 0 cos 

(c) d-2t , n . cos 0. 

Thus we arrive at. the sinijde expr<‘ssion (c) for the (lifTer<‘nce of p/ith 
(I between tin* two rays proceeding bigether from any jsimt of u thm 
film to an observer’s eye, the one ray liy direct rcfleition at the surface 
and the other having also traversed the film. 

But there is a further consideration affecting the ndative phases of 
the two, namely, as to what occurs at the limiting surfaccA of the lighter 
air and the den.ser film. It has alrtuidy been shown that a change of jihase 
of A/2 occurs at the limiting surface when a light-wave in air meets 
with a denser medium, and is refle('t-i*d at the surface of the latter ; while 
no such change of j)ha.se occurs when the eombtions are inverted, the 
amplitude of the vibration only lieing affected without reversal of its 
direction. Hence, there is only one such change of phase of A/2 due to 
the limiting surfaces, as in the case of Newton’s rings, namely, on the 
part of the directly rcIlecUHl ray I'QU. We have to add, therefon*, to 
the difference of jiath d just found a further A/2, which may he etpially 
indifferently considered as a retardation or an augmentation, the inter- 
ference effect of an exact half wavo-length being the same for Imth, 
namely, conversion of light to darkfieK.H or vice irrsa. Hence, the total 
retardation of the i^enetrating ray behind the directly rellected ray is 

o J A 

2//X cos 0 + 2’ 

when t is the thickness of the film, /x its refractive index, ^ the angle of 
incidence on the second surfac-e of the film, and A is the wave-length of 
the light in air. , 

When i becomes infinitely small the two weaves will differ by the 
phase change of A/2 alone, and extinction will occur, as at the ix^ntral 
black spot in Newton’s rings. It will be obvious that the film will 
dissipate, disrupt, or burst before this infinite thinness is attained, but 
just before it docs so the brilliant colours give place to a dark grey, 
corresponding to just beyond the beginning of the first order of Newton's 
scale. Actual measurements of the thinnest soap films are very difficult 
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to carry out, but it is highly interesting that three black spots on a 
soap film were found by J. Perrin ^ to have thicknesses varying from 6 to 
16 fifi. The finest foam of soap solution is oily and acid, consisting of oleic 
acid produced by hydrolysis of the 8<xlium oleate, and it has a thickness 
of only 2 /x/t (« 1/500, fXX) inm.). The film is probably, therefore, only 2 
molecules thick, oleic acid ^ substance containing a large 

number of atoms to the molecule. 

Extinction will also occur if the* total retardation be any odd number 
of half wave-lengths, that is, if 

Total retardation - 2//i cos (f> + X/2 - (2/i + 1) A/2, 
or, simply, when 

Retardation due to difference of path ==2f/i. cos ^ = «A. 

That is, the thickness of the film for total interference, extinction, 
must be 

f-- . 

2/x cos (f) 

It has been essential to render this eondi>tion for interference in thin 
films perfectly clear in order that ^ve may thoroughly grasp the nature 
of the colours exhibited by doubly refractive crystal plates ; for the 
retardation behind the other, of one of the two rays into which such a 
crystalline plate divides the light, gives rise to phenomena in polarised 
light of a similar character in many res[)ects to the colour changes 
displayed in ordinary light by thin films of liquids or singly refractive 
transparent solids. 

The fact will doubtless have been made apparent that a parallel- 
surfaced film merely affords over au extended surface the phenomenon of 
light, colour, or darkness (extinction) exhibited at any one annulus of 
equal thickness of the plano-concave lenticular film employed in producing 
Newton’s rings. The consideration of these phenomena of ordinary light 
in a film of gradually varying thickne.H8 will also tussi.st us greatly in under- 
standing the important action of the quartz wedge m i)olari.sed light, to 
be studied later in this chapter. 

Colours afforded by Crystal Plates in Parallel Polarised Light— 

When a parallel-faced plate cut or ground out of a cubic crystal free from 
internal strain, or a naturally tubular crystal of this system, is examined 
between the crossed Nicol pnsms of a jiolariscope, the rays being approxi- 
mately parallel (that is, the sjiecial “ converging system ” of lenses usually 
provided with a }X)lariscope not being used), it^behaves like a plate of 
glass or other non -crystalline transparent isotropic substance. The 
field remains dark, and does so also when the crystal is rotated in its 
own plane. But if a similar plate belonging to a doubly refractive 
crystal, that is, one belonging to any other crystal system than the cubic, 
be examined and rotated in its own plane in the dark field, it will show 
light in certain positions of azimuth, unless, if it be uniaxial, it happens 

* Ann. dtphjfgiqut, 1918 (lx.), 10, 160. 
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to be a section cut per|)en(lieularly to the optic axis or, if it be biaxial, it is 
normal to one of the two optic axes. The light will be white or coloured 
according to the relation between the thickne.s8 of the plate and the 
amount of the double refraction. Daring a complete revelation of the 
plate in iti own plane, the {H)lariKcope being provided with a rotating 
stage, the field of view will become four times Light and four times dark, 
light and darkness succeeding each other alternately at eqaidistant 
intervals of 46°. That is, the positions for tlarkness will be at right 
.angles to each other, and fairly sharply defimsl, within half a degrt*e of 
90"' 0' even to an iinprac tise«l eye. These positions of darkness occur in 
the case of a nniaxia] crystal when the trace of that principal section of 
the optical ellipsoid of revolution which contains the normal to the plate 
becomes parallel to the plane of polarisation of either of the crossed Nicol 
prisms. This is the law of Maltis. In the case of a biaxial crystal the 
extinction directions are parallel to the traces of the planes bisecting the 
angles between the two planes containing the two optic axes and the normal 
to the section. This is the law of Hiot In the simple sp^u ial case of a 
uniaxial crystal plate cut [)arallel to the axis, the i-xtinctions occur when- 
ever the direction of tin* optic axis is |>aralh‘l to either of the vibration 
planes of the cros.sed Nicols; in the special (ase of a biaxial crystal 
plat-e cut pcrj>cndioularly to any (me of the three principal axes of the 
optical elli[)«oid, extinction occurs whenever (lie vibrati<»n directions of 
the Xicols arc parallel to the other two axes of the ellipsoid to which 
the plate is parallel. 

Whether the light which appears at the intermediate |M>sitionH, the 
maximum intcn.sity being at 45® from the positions of extinction, is 
w'hite or coloured depends on the relation just refernni to lietween the 
thickness and the double refraction. For the pnaiuction of colour in 
ordinary light by a thin film is closely paralleled by the display of 
brilliant colour by crystal plates in polarised light. We have seen that 
in reflection from tlie two surfaces of a thin film one ray, that which 
penetrates to the second surface }>efore rell<‘cti<>n, is n'tanleiL behind the 
other, reflected directly from the first surface, I)y double the thickness of 
the film W’hich it had twice to travers(‘, the int-erference thereby pnaluced 
being the cause of the colour. In the case of a crystal ji!at(t, however, 
the interference is brought a])Out by the retardation of one of the two 
rays, into which a doubly refracting crystal divides the light transmitted 
by it, behind the other, owing to the difference in velocity of the two 
rays, th^ path traversed not being necessarily different, although usually 
it is slightly so owing to different refraction Ixing the accompaniment of 
different velocity. * 

When the doubly refracting crystal jilate is of such a thickness that 
the retardation of one of the rays l>ehind the other, due to both difference 
of velocity and difference of path, is such that the two rays emerge 
differing by a half wave-length, we naturally expect interference to occur, 
extinction if the light be monochromatic, but chromatic interference if 
white light be used, and assuming that the planea of j)o]arisation are 
compatible with interference. 

* VOL. II 
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III reality, however, when vre examine such a plate in the dark field 
of the |)olari8co{»e- -the planes of polarisation of the Nicols being thus 
crossed, and the plate being arranged as regards azimuth so that its 
directions of vibration (traces of principal sections of optical ellipsoid or 
of the Biot bisecting planes, the “ extinction ” j)osition8) are at 45® to the 
planes of |)olarisation or vibration of the two Nicols, the jX)Bition8 for 
maximum transmission of light we find that interference occurs when 
the two rays differ in phase by a whole wave-length, instead of by a half 
wave-length as expected. The fact is most clearly revealed in mono-, 
chromatic, light, for instead of the anticijiated light of the colour used we 
get darkness when tin* difference of phase is one, two, three or up to seven, 
whole wav('-lengths, the intermediate odd half wave-lengths of difference 
correH[M)nding tx) tlui transmission of the coloured light. In white light 
we get brilliant colour instead of darkness for whole-wave retardation. 

'I'he rea.son for this reversal of our ex|)ectation8 is due to the fact 
that the Nicol analyser itself introdiu'cs, when cro.ssed to the jiolarising 
Nicol, a change of \»hase of half a wave-length, like the act of reflection in 
the case of thin films, and this A/2 reijuires to be added to the retarda- 
tion of one ray behind the other brought about in traversing the crystal. 

The polarising Nicol provnb's us with a beam of jdane-polarised 
light, vibrating perpendicularly to the plane of polarisation of the 
Nicol. The latt(*r was shown in Chajiter XL. to be parallel to the 
longer diagonal of the end faces of the prism. Siipjiosing this to be 
horizontal, the plane in which the vibrations occur (parallel to the 
shorter diagonal) will be vertical, a.ssuming the light to be traversing 
the prism in the proper manner, parallel to the long edges of the rhomb, 
and that the (Hilariscope is horizontally arrangeil. On now introducing 
a doubly refracting crystal plate, with its reidangular directions of 
vibration (parallel to two of the three axes of the indicatrix if the 
crystal be biaxial and the plate be cut jierpendicularly to the third axis, 
or in general, those indicated by the laws of Mains and Biot) parallel 
and perpendicular respectively to the direction of vibration of the light 
leaving the iiolariser, the plane - polarised beam will obviously be 
transmitted, its vibrations being parallel to the former of the two 
possible planes of vibration in the crystal. The analysing Nicol will 
also clearly permit the beam to pass through to the observer or the 
screen, if it be also arranged with its plane of vibration parallel to the 
same direction, but will cut off the light altogether if crossed at right 
angles thereto. Thus the dark field afforded by the crossijd Nicols 
alone is unaffected by the introduction of the crystal plate between 
them when the vibration directions of the rays possible to be transmitted 
by the crystal, in accordance with the law of Malus for a uniaxial 
crystal and that of Biot for a biaxial one, are parallel to the two 
rectangular vibration directions of the Nicols. This is the foundation 
of the “ extinction ” mode of determining the positions of the axes of the 
optical ellipsoid, which will be practically described in Chapter XLV., 
and as regards methods invoking the use of the polarising microscope, 
in Chapter LIII. 
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An excellent example of a doubly refracting crystAl plate for 
verifying these facta, and those of the next few jmragraphs, is a cleiivage 
one of gypHUin (selenite), known to opticians as an “even selenite/' 
Thin plates, almost films, of this mineral affortl purtiiularly brilliant 
colours, owing to the beautifully transparent and colourless nature of 
selenite. The cleavage occurs parallel to the syiunietrv }>lane of the 
monochnic crystal, so tiiat the plate is perjauulicular both to the 
crystallographic syniiiietrv axis and to one <»f the axes of the oj)ti»'al 
ellipsoid, as will be more fully exj)lained later in this chapter (sec 
Fig. 662, p. 904). The other two nMtangular axes of the «*lbjvsoid 
consequently be in the j>Iane «»f the plate, ami are the tlm^tions of 
“extinction.” Two varieties are to In* ]iur(ha.scd, if it lie not desired 
to cleave the nece.Hsary film for oneself (which, ho\\e\er. is advisable 
in onler to gain the necessary most u.seful experieiiee). nainelv, one 
which affords green ami rexl complementary (oloiirs when the Nicols are 
parallel ami crossed resjiectively and tin* seh*nite is jdacctl with its 
planes of vibration at 45 to tho.se of the Nnol>, and anotlier giving 
yellow ami blue iimler the same conditions. 

When we rotate the doubly refraiting crystal plate between the 
cro.ss»*(l Nicols we observe thus four po.sitions at ‘.M) from en<h other in 
which the dark field is re.stored, the planes of Nibration of irystal and 
Nk'oIs being identical. .\t the int^Tinediate 15 jMtsitions the maximum 
of light (K observi'd to lie transmitted, and less and less on <-ucli side hh 
the IH)’ jiositbms are approached. When the ]»late is thnk the liglit is 
white, altliough it may be “ white (»f the higher orders ” of Newton when 
the thickneHs is not much greater than corresponds to the |>roductnjn of 
seventh onler colours. Hut if tlie plate be thin enougli, .‘'Ucli as in the 
case of an “even selenik*,” to <’orresp<jml to a n-tardation of anytliing 
under seven wave-lengths, colour is prodiiceil of the same type as one of 
New'ton’s orders, the particular colour de|M'mling on the thiikm'ss for 
any one substance. Thus, when a red-green even film of selenite is used 
the colour W'ill be brilliant re<i with cros-^ed Nicols and the plate at 45'’ 
to them, and if a blue-yellow film be employisl a bright gre<>nish-blue 
will be seen w hen the film is arranged at 15 to the crossed Nicols. 

The a and y axCvS of the indicatrix are the two which form the 
rectangular vibration directions of a cleavage plutv of selenite parallel to 
the symmetry plane of tlie inonoclinie crystal, and the mirmal U) the plate 
is the ^ axis of the indicatrix. When the cryst-yl jtlate is at the 
45’ jiosition or thereabout.s the vibrations, occurring in the vertic'al 
plane, of the light receivcnl by the plate from the jMilunser, all of which 
are in the same phase, ifre resolved )>y the crystal into vibrations occurring 
in its own tw’o planes of vibration, and these Iwii rays are again similarly 
resolved by the analyser into vertical and borizontal vibrations, but 
each separately. For their veloeitie.s arc different, and thus the phases 
are altere<i with respect to each other. Those two com|>onent rays (one 
of each velocity) which are vibrating fiarallel to the analyser are then 
permitted to escafie to the obserx'cr or the screen, while the other pair 
vibrating perpendicularly thereto arc both extinguished. Hence, two 
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originally identically similar rays reach the eye or screen ; they are of 
maximum intensity when the plate is exactly at 45®, and are vibrating 
in the same plane parallel to that of the analyser. But one of them has 
got behind the other during its passage through the crystal plate, the 
two, in general, thus differing in phase and being capable of interfering 
and of producing colour, when white light is used and the retardation 
of the one behind the other does not exceed seven wave-lengths. 

When the analyser is arranged with its plane of vibration jiarallel to 
that of the polariser, the crystal plate, whenever its vibration directions 
(axes of indicatrix) are at the 45® ])osition to the Nicols, shows the 
complementary colour to that exhibited with crossed Nicols, namely 
green in the case of a red-green selenite, and yellow with a blue-yellow 
gypsum film. At the parallel positions of either of the two rectangular 
vibration directions of the plate with the common ])lane of the two 
parallel Nicols, that is, at 0®, 90®, 180®, and 270®, white light uncoloured 
is seen, the ordinary bright field corresponding t^o parallel Nicols. 

Hence, if the crystal [>late be arranged to begin with so that its two 
rectangular extinction directions (a and y axes of indicutrix in the case 
of gypsum) are at 45® to the plane of vibration of the jiolarising Nicol, 
and if the analyser be then crossed to the polariser, a colour is produced, 
red or blue as wo have seen in the case of gy|>sum. On rotating the 
analyser 90°, that is, until its plane of vibration is parallel with that 
of the polariser, the complementary colour is afforded, green or yellow 
when the plate is an adequately thin one of gy})suni. Between the two 
positions, when the analysing Nicol lias only been rotated 45®, it being 
immaterial on which side of zero the rotation occurs, white light un- 
coloured is transmitted, similar to the ordinary bright field of the parallel 
Nicols. For, the crystal plate }ia\ ing then a jilane of vibration in common 
with the analyser, that ray thus vibrating passes through the latter 
unhindered, while the other rei'tangularly vibrating ray (of the two 
rays into whicli the crystal resolves the polarised beam) is simply 
extinguished, being unable to pass through the analyser. Consequently, 
in a complete rotation of the analyser, with a film of even selenite 
arranged with its vibration planes at 45° to the polariser, we observe 
red or blue twice, namely, at 90® and 270° from the jilune of the polariser, 
green or yellow twice, at 0° and 180° with respect to the {xilariser, and 
no colour at the four intermediate jwsitions of 45®, 135°, 226°, and 
315° to the polariser. 

These somewhat complicated phenomena require to be carefully 
followed, understood, and remembered, as they are the basis of all the 
immense assistance which we derive from the polariscopical examination 
of a crystal. It is obvious that a crystallographic polariscop must be 
provided with a rotating divided stage for the crystal, as well as with 
rotating Nicols, each of the latter pro\'ided with a divided circle and an 
indicator or vernier, the one on the mount within which it rotates and 
the other on the rotating inner tube which actually carries the Nicol. 

It will doubtless prove useful to record in concise tabular form the 
phenomena occurring in the typical case of an even ” film of red-green 
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selenite. It must be remembered, of course, that the crystal itself is 
al)«olutely colourless, the term “ red-green *’ being merely the con- 
ventional one to indicate a thin jilate of gyjMuim which affords n‘d under 
crossed Nicols and green under parallel Nicols. 
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The n‘d and green referred to in tin* last eoluiiin are stm tly conijile- 
mentary. For brilliant cxilours the n'tardation of one of the two rays 
should be less than lA, and preferably not more tluui 2A for very 
brilliant colours. 

The interference of tlie two com])onents above referred to under 
(•ros.s»‘<l Nicols causes total extinction if rnonochnunatic light be used, 
and if the section-plate of the crystal be of such thickness that one of the 
two rays on leaving the plate is a whole wave-length before or behind 
the otlier. For the additional half wave-length introdined by the 
analyser then makes the total effective retardation 3A/2, and the effect 
of this is practically the same as A/2. A total retardation of 5A/2, 
due to two whole wave-lengths’ difference on leaving the crystal together 
with the analyser’.s A/2, and also successive retarilations of (2n-f l)A/2, 
that is, an odd number of half wave-lengths, also cause extinction. 
Generally, therefore, the section-plats; appars dark— when placed with 
its vibration directions at 46^^ to those of the crossed Nicols and 
monochromatic light is used—whenever its thickness is such that the 
two rays rectangularly vibrating within the crystal and starting therein 
together in the same j^liase, differ on emergence by a wdiole number of 
wave-lengths, the extra change of phase of A/2 due to the analysing 
Nicol causing this to correspond to darkne^ss instijad of the bright 
field. The monochromatic colour w'ill be transmitted by plates of the 
intermediate thicknesses, and most brightly when the thicknefis is half- 
way, corresponding to an even total number of half wave-lengths of 
retardation. 

That the colours thus afforded by gypsum or any other doubly 
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refractir»f? cryMtal, when its vibration directions are at 45*^ to the crossed 
and parallel Nicols respectively, are truly complementary, is readily 
pr()V(‘d by means of a double-image prism, of either the Rochon or 
Wollaston type «lescnb<‘d in Chapter XL. (|). 856), employed as analyser 
instead of a Nicol, and proj<‘cting the phenojuena on the screen. 

The e,v|M*riment Iuim uUoady fully rlenenlKMl in Chapter XL and illustrated 
in Fik. (]). S.')S). Su])]M)s»nK a rrd ^^n'en Hclenite to employed, two images of the 
ein-ular a|H)rtiiro in front of the lantern, a red disc and a green one, an* .seen on the 
sc reen, more or Ichs overlapping eac h other, and this lenticularly sha^iod snyKTiiosed 
portion is ([uite eohuiiless Such a of a]K>rture should Is* selected from the four 
ayiorlureM of the rotating diaphragm sliown m Fig, OIUS as will gi\e, with the ]>articular 
double. image )>rism employed (whether of the Itoc lion or Wollaston type), an over- 
lapping of the two images of about a third of eac h disc. If a blue-yellow even sedenite 
be intorcliaiiged for the n'd gr<*en one, the overla])piiig part will again be quite white. 

As the Nieol, the selenite, and the double-image prism aie all inde])<‘ndently 
rotatable, the rc'lativi* positions can readily bo found for which the brightest red and 
green or blue and yellow discs an* simultaneously afforded, when the overla])ping 
lenticular sluqied ]jart will Is* absolutely white*, in accordance with the fact that truly 
complementary colouts produce white light. 

The explanation of the jihenomena observed when the crystal plak is placed with 
its two iMwsible vibration plain's, ]iarallel to the axes of the o](ti('al indicatiix, at 4r)° 
to the 0’ and 90 ' planes of the crossed or paiallel Nicols is as follows. The light from 
the jMdariser, vilirating in one plane, is resolved — along these two (mutually 
rt'Ctangular) 40 ’ direidions of the axes of the optical ellipsoid, whh li have been shown 
in ('ha])ter .\ld, (p K7o) to the only possible directions of vibration within 
the crystal - into two rays which, after traversing the crvstal with different velocities, 
emerge one retarded Isdiind the other by an amount which dc])»Tids on the double 
n'frivction, tin* thickness of the plate, and any diflerence in the h*ngth of the path 
traversed m the plate owing to dilTmence of refraction. They do not yet interfere, 
however, for they an* vibrating in perjH'mlicular ]»lanes, 'I’ln^ analy.si*r sifts them, 
however, and again resolves each of tliest* t.>’ sets of vibrations into 0’ and DO'" 
vibrations, and then tH'rmits to pass only that l onqtonent of each which is vibrating 
parallel to its own vibration din'i tion. The pair of components thus allowed to jiass, 
as they are vibrating in the sanu* plane, arc pre-eminently m a condition to interfere 
in aoeordatu'i* with their ditference of phase and, as regards quality of tin* light, with 
the total numiM'r of wave-lengths by which they are retarded, that is, in accordance 
with the order of Newton to which they eorn*s]»ond. Also, the analy,si*r resolves 
the pair in oiqiosite dm'ctions, iiitrodueiiig then*l)v the lialf wave-length change of 
pliaw* already refern'd to as due to the ai'tion id the analyser. 

Two faet,s cannot be too empbutically stated. The first is that for interference 
to ooonr the vibrations must be in the same plane ; if they an* not, in general elliptic 
vibrations result from the combination of two rays polarised in different planes, and 
ill the sjH'cial casi* when tlie planes an* at right angles, the amplitudes equal, and 
the phase differi'iioe a quarter of a wave, vibrations in a circular orbit are produced. 
Th(> sei’ond fact is tliat it le the function of the analyief to reduce the two perpen- 
dicular seta of vibrationi derived from the crystal to the same plane, and thus render 
them callable of interfering. 

When white light is uml, the colour which is observed is the product of the residual 
vibrations of different wavo-lengtbs left after the vibrations of a particular wave- 
length have been extinguished, the complementary colour to the one having that 
wave • length naturally prevailing. Hence also is explained the complementary 
nature of the colours afforded vrhon the analyser is n^jwctively crossed and parallel 
to the polariaer, as will be more precisely shown from experimental data later in this 



CHARIUI INTKHFERENCM PHENOMENA OF CRYSTAL PLATES 0o3 


ohApter (p. W)0). Foe Uw Inttmiiy In uy aiiffiUr potiUon I of tho AaalyMr is oom- 
plomontary to that in tho porpoadieular potion • + 00', tho sum of tho two intensities 
being equal to that of the incident light after deducting any loss duo to sbsorpUon 
and reflection. Hence the rotation of tho analyser by 90 ' changes other tho intensity 
or the tint into tlie complementary. 

The int/ennity of the colour dependH, as we have seen, on the number 
of the order of Newton to which the total retanlation corres}nmd‘<, whicli 
in turn depends botli on the thickness of tlie jdatc and the amount of the 
doulile refraction. The colours of the second order are most brilliant, 
hence the advantage of a retardation of alamt two wave-lengths only. 

Botli monochnic gypsum (selenite, hydrated <al<ium siiljdiaU*, 
CaSOi . ‘iiIjO) and trigonal quartz (silica, SiO^) are brilliantly polaris* 
ing mineral crystals, the former in the thin cleavage iilms which have 
already been so much referred to, and tho latter both in thin [tlates such 
as those of ordinary rock sections (which are usually of 0*01 millimetre 
thickness or thereabouts) as well as in thicker section-plates up to seven 
millimetres thick ; for although the double refraction is about the same 
for both minerals, Nay_.-0‘0U92 for selenite and Na, for 
quartz (positive uniaxial), the latter in addition possesses the ]»roj>erty 
of rotation of the [ilane of polarisation, which intioiluccs further brilliant 
colour phenomena when the thiekness increases up to tlie limit of seven 
or eight millimetres (and feebler colour for much greater thicknesses), 
and the jilate is cut perpemlicularly, or nearly so, to the optic a.\is. 
The fact of the brilliant polarisation of quartz in thin Iilms, however, 
due to the double refraction, is of great imjK>rtance in petrology, 
for It IS characteristic of the mineral to show in suili sections first 
and second onler colours, and without twinning in the vast majority 
of cases; hence quartz is the most easily recognis(*d of ail mineral 
crystals under the polarising microscope. The latter is essentially a 
microsco{>e carrying also a |x)lanbing and an analysing Nicol ])riHrn, 
the former below and the latter al>ove the object stage ; CliiijderB 
LII. and LI If. will be devoU'd in its conslruction and use. (Vywtals 
having feebler double refraction than gypsum show brilliant loloiirs in 
thicker jilates, a greater distance requiring to be traversed to (‘fTeci the 
same retardation. On the other hand, crystals of much liiglier double 
refraction than selenite, such as calcite (negative uniaxial), one of the 
most highly doubly refractive of substances, for w'lui h Na^ -O-lTlll, 
only show brilliant colours in films excessively thin, ordinary thin plates 
exhibiting white of the higher orders, or only very feeble and impure 
colours containing much white light. 

When the section-jdate is thicker than correspomlK to a retardation 
of 7A, white light of the higher orders is observed instead of colour. 
When rotated between crossed Nicols, therefore, such a doubly refract- 
ing crystal plate merely becomes four times dark (at the jwsitions 
where its two rectangular vibration directions coincide wdth those of 
the Nicols) and four times light (at the 45'^-diagonal jKisitions) ; this is 
the ordinary case observed in determining extinction angles already 
referred to on page 898. 
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The conditions in the very frequently occurring and typical case of 
gypsum (selenite) will be rendered clear by Fig. 662, which shows the 
shape of the section- plate (cleavage film) parallel to the symmetry plane 
h^fOlOf of the monoclinic crystal, the crystallographic axes a (inclined) 
and c (vertical), and those of the optical indicatrix (y the first median 
lino and a the second median line). There are also indicated on the figure 
the positions of the f>oles of the three pairs of principal faces of the ortho- 
zone perpendicular to the section, which bound the latter, namely, the 
ortho-pinakoid a-JlOO}, the basal jnnakoid c = {001{, and the primary 
orthoprism d IlOll. An a<lual crystal of gypsum has already been 

represented in Fig. 400 (p. 503). 

The dotted vertical and 
horizontal lines may be taken 
as represeiiting the planes re- 
spectively of the polarising and 
analy.MUg Nicols. The vil)ration 
j)lunc.s, extinction directions, of 
the crystal are represented by 
the strong continuous lines, the 
first and second median lines. 
The light leaves the polariser 
and enters the crystal vibrating, 
let us say, parallel to the vertical 
dotted line. A vibration direc- 
tion (first or second median line, 
the y or a axis of the indicatrix) 
of the crystal not being coincident with this, but, say, at 45° thereto, 
the plate liaving been rotated to bring the median line.s so with respect to 
the vibration ilirection of the polariser, the rays divide in the substance of 
the crystal, into two rays vibrating parallel to the first and second median 
lines respectively : for rays along each of these directions are the resultants 
of two components vibrating vertically and horizontally. Tlie horizontal 
component in each case is parallel to the analyser, when the latter is crossed 
to the vertical jiolariser, so on reaching the analyser the two rays vibrating 
parallel to the two median lines are resolved back again into their vertical 
and horizontal components, and the latt<*r component is in each case 
transmitted by the analyser. Hence, the crystal plate, if adequately thin 
for the difference of path between these two transmitted horizontal 
component rays to be only two or three wave-lengtlis, appears brightly 
coloured owing to the interference of the two rays ; it ajipears less brightly 
coloured when thicker than corresponds to 3A but not so much as affords 
7A difference, while if thicker than corrcs|)ond8 to 7A it appears brightly 
illuminated with white light, on the dark field of the crossed Nicols in 
each case, the maximum colour or white light illumination appearing 
when the median line directions are at exactly 45° to those of the Nicols. 
The thickness of plate required to give the same colour will be the same 
for all such cleavage plates of gypsum, all being parallel to the symmetry 
plane of the monoclinic crystal. 
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In general, tlie tliicknesa of a crystal plate requirwi to give the same 
colour will Im? the same for all sections of the same suhstunce cut in the 
same direction . But it will be obviously different for differently orientated 
section-plates, as the difference of refraction, and therefore of velocity, of 
the two rectangularly vibrating rays will vary. 

Practical Use of a Sensitive Gypsum Plate.- A very thin even 
selenite, lilni which gives in the dark field of the polarisco|M‘ the red of 
the first order * is partieularly useful for determining the cliaracter of the 
double refraction and orientation of hpecific axes of the indicatrix of a 
*niicroM-o|)ic or other thin crystal; that is, it enables us to distinguisli 
which of the two directions of extinction in a d<»iibly refracting crystal 
plate corres|M)nds to the lower, and wlindi to the higher, ndractive index. 
For when the field of the jwdariscojM*, using crossed Nicols, is filled witli 
the red tint, if such a crystal be introduied in addition, say on the stage 
of the polariM'ojie or polarising microscope, tlie selenite being inserted in 
a slot in tlie <»[)tical tub»‘ provided for the jnirjsise, the colour must be 
altered withm the lirnits of the crystal bonmlary. By the nature of i1m‘ 
new colour tlnis produced in this part of the field we can ascertain 
whether the crystal is adiling to or subtracting from the action of the 
gypsum When the red is depraveil to the faint yellow or grey of the first 
order it must Im‘ oiivious that the crystals ar<* acting in o]>)M)site senses, 
wliile, if the nsl be enhanced to the blue or bright yellow of the second 
order the crystal section must be adding its effect to tliat of tin* gypsum. 
Indecil, the crystal may even be .so very feebly doubly refractive as to 
give when alone in the dark field only the grey or other early tints of 
the first order even in thick plates, yet it will produce a marked effect 
on tlie red selenite field. 

The directions of tlie two axes a and y of the optical indicatrix of 
the gvpsuin are, of ciiurse, known and niarke(l on its margin, ami the 
extinction din-ctmiis of the iTV.Ktal will liav<* been defcrimned. A rise 
in order of tint on intro<lucing th(‘ crystal so that its axes and those of 
the gyp.sum are parallel i-on.^eipiently means that tlie crystal is arranged 
with re.spect to the gypsum so that corresp<indmg axes, greater or smaller, 
are in coincidence, jinslucing super)s>sition effects; whereas a fall in 
tint indicates that the smaller axi.s or direction of smaller refractive 
index of the one is jiarallcl to the greater axis or index direction of 
the other. 

Relations o! Doable Rolraction and Thickness of Plate to Retardation. 

— The relations between the difference of path d, the tliKkncss of tlie 
crystal plate t, and the double refraction at any }M)int corresponding 
to which the two refractive indices c-oncernc-d are /Xj and fx^, are derived 
as follows. The nuinlier of vibrations oc c urring in the thicknc'ss I for the 
ray with the wave-length A, is ^/A,, and for the ray with wavc*-lcngth A, 

* According to A, Wenzel (Phys. Znischr , 1017, M, 472) the plato thick- 
nf»a of gypeum giving the best red nensitivo tint i* alxjut 56 m { O 0.56 mm.). For 
quartz cut parallel to the axis the l>ecit colour i» that betwcsccn the 1) and K linen 
of the spectrum, and for quartz pcqwndicular to the axu the raoit nenxitive in 
blue-violet. 
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it is f/Aj ; the difference in the number of vibrations is thus f/Aj - f/Aj, 
and the difference of path d, referred to the wave-length in air A<„ is : 



Now the refractive Indices /ij and of the two rays in relation to 
air are : 

Ml 

Substituting jXi and /Xj for these values we have : 

Tliat is, tlie difference of jiath is eijual to the tiiickness of the plate 
multiplied l)y the difference of the two refractive indices (the effective 
double refraction) at the point in question. 

Relation between Thickness o! Crystal Plate and Order of Interference 
Colour. -The wave-lengths of the visible spectrum (see table, p. 798, 
Chajiter XXXVI.), lie between 0-(XK)7950 millimetre, the wave-length of 
the dark red rubidium line S in the e.xtreme red, and 0*0003934 milli- 
metre, tiiat of the solar violet calcium line K. When a doubly refracting 
crystal [ilate is so thin that the difference of path between its two 
rectangularly vibrating rays is less than 0*000100 mm. no colour is pro- 
duced in the {lolariscojH*, but the grey of the first order, which becomes 
deeper and deeper as the plate becomes thinner, until just before the 
extremity of possible thinness is reached it is black. With a path- 
difference of 0*0001(X) mm., Jth of a red wave or Jth of a violet one, a 
feeble lavender tint makes its appearance. From this to a thickness 
affording a patli-difference of 0*0t)02(X) mm. a pale violet white or bright 
grey prevails, then a bluish, and subsequently a greenish, white ajqiears, 
until at 0*000300 mm. path-difference we have a bright yellow, that of the 
first order ; at 0 *000404) mm. the bright orange of the first order appears, 
and for 0*000000 mm. a bright red, the red of the first order, which 
order terminates conventionally just below a thickness corres])onding to 
a path-difference of 0*000600 mm. The most brilliant part is the red of 
the first order, the maximum brilliance corresjumding to a path-difference 
of 0*000530 mm. Now this is the wave-length of the bright green of 
the oriiinary spectrum, and the red is here displayed predominating at 
a maximum in the case of a crystal film because the complementary 
bright green of the wave-length just mentioned is extinguished between 
crossed Nicola (the vibration planes of the crystal being at 45'^ to the 
Nicols) by the interference of the two rays having such a diffeience of 
path. When the Nicols arc parallel this bright green itself is actually 
observed, comjiosed of vibrations near 0*000530 mm. wave-length, which 
are transmitted while the red is extinguished. 

The violet which is produced at the conventional end of the first 
order, about 0*000600 mm., is known as the “sensitive violet,” or 
“ transition tint,” inasmuch as it passes with a very slight change of 
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difference of i»ath on one Hide (first order) or on the other side (beginning 
of second order) into red or blue re8j)ectively. The first order s|H*ctrum 
thus consists in their res]»ec,tive sequence of gn'v, lavender grey, bluisli 
grey, greenish white, yellowish white, yellow of the first ortler, orange of 
the first order, red of the first order, and transition violet. 

The blue of the .second order is ino.st brilliant for a difference of path 
of 0 •000660 mill., the bright green of the second order for 0-(KK)8(K) nun. 
difference, yellow and orange of the .second order resjaH tively for 0 •000850 
^and 0’0(KM)00 nun., and finally the bnllmnt re<l (most brilliant part of the 
whole .senes of ,s|M‘(tra) of the second onler for a «lifference of path of 
0-0U1O60 nun. ; this is double that (O-OUO.530 nun.) for the first order red 
and about 2A for the bright .spectrum green near K of tlie solar 8|H‘ctruin, 
which is consecpiently e.vtinguished under crossed Nicols, leaving the 
complementary red to predominate. We have next a transition violet 
of the secoml order for a difference of 0 mm., ami then the begin- 

ning of the blue of tiie third order, for a thickness <d plate corresjamding 
to a iliffcrence of [lath of ()’()012(i(t mm., and .so on through the third and 
sub.se(jueiit orders, until eveiituallt we reach first tin* white (»f the higher 
orders and finally jmre w)ut-«' light. 

Pox's Wedge. -One of the mo.st useful ol»je<ts t<t {HtsseKs. Ill order to 
familiari.se oneself with tlie more imjMirtant earlier orders of Newton, is 
an artificial .steppetl wedge of mica, made iip of twenty-four su|s*r[>osed 
films of this very readily cleaved mineral, the w<in<lerful cleavage of which 
wa.H discus.sed in ('hapter XXIX. The films are cementeil, by ('anada 
balsam in benzem* or turpentine, 
one after another on the top of each 
other on a circular glass plate of the 
regulation size, IJ inch diameter, 
for projection jioiari.Heopical objects ; 
they are .so arranged, step- wise, 
that each does not ([uiti* cover the 
one previously laid di»wn, being 
onc-sixk*entli of an inch shorter, 
leaving a parallel-edged .stnj) of 
that amount uncovered as shown in 
Fig. 663. The films are all sm h as 
afford one-eighth of a wave retarda- 
tion for .sodium light, indeed they are cut from the same Jth-wuve film, 
that i.s, one of the two rays transmitted by this douldy r<*fractuig crystal 
film is retarded behind the other to the exknt of onc-cightli of a wave- 
length. The mode of f#lectuig such a Jtli-wavi* film, and the theory of its 
behaviour in [lolariscd light, will bediscusse<l later (jiage 923) in thechapkr. 
Sueh a wedge was first constructed by (\ J. Fox, and hem e bears his name. 
When placed in the dark field of the |K)lariHex){M*, between crossed Nu ois, 
it exhibits the first three orders of Newt^m's rings in eight graduated 
8tri[)8 for each order. The films are cut out of the large Jth-wave sheet 
so that the angle of the strips is 45” to the and y axes of the optieal 
indicatrix. The second band gives a quarter- wave difference of phase, 



1-|(» ftin. Kox'h Wptlti*; lit I’olarlurd Llillit 
Crowd 
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and the fourth band a half-wave difference, hence an accurately con- 
structed wedge of this kind is a valuable help in constructing quarter 
or half-wave mica plates, which we shall see later are of great use 
in crystallographic optics. 

Instead of arranging the mica so that parallel 
narrow rectilinear strips possess successively greater 
and greater thickness, the layers may be arranged 
™ concentrically, so that the strips have a circular 
Ruuular form, increasing in thickness as the centre, 
M receded from, as shown (with more rapid grada- 
tions) in Fig. 664. A reproduction of the effect 
exhibited in Newton’s rings, by crystallographic 
Fio. 664.— Mica Circles of double refraction, but with the colours in definite 

Graduated Tiiickness in narrow annuli instead of graduating more imper- 
Potol..d Light. 

the’ slide be put somewhat out of focus the resemblance to Newton’s 
rings is remarkably close. 

Concave Gypsum or Quartz Plates.— The crystallogra])}ii(; reproduc- 
tion of Newton’s rings may, however, be effected with the natural grada- 
tion very readily and conveniently for projection })ur})()ses, by grinding 
one side of a parallel plate of a doubly refractive crystal slightly concave, 
the concavity being of spherical curvature of large radius (the larger the 
greater the double refraction) like the lens 
in the ordinary Newton’s rings experi- 
ment. A film of gypsum (selenite) or a 
plate of quartz serve the purj)ose best. 

Fig. 665 is a photographic reproduction 
of the rings produced, with the projection 
polariscope shown in Fig. 633 (p. 853), by i 
such a concave selenite film placed on the ^ 
object stage, the film being cut circular 
concentrically to the centre of the depres- 
sion, about an inch and a quarter in 
diameter, and mounted with balsam 
between two circular glass plates of the 

standard size (Ij inch diameter) to fit c-i5, -ewe (iyp,um ta 

the usual mahogany carrier-frames, ihe Parallel PoiariBea Light. 

Nicols being crossed and their vibration- 

directions at 45° to those of the concave crystal plate, the effect on the 
screen is very beautiful and might well be mistaken for a projection of 
Newton’s rings in the ordinary manner, except that the intensity of 
the colours is probably greater than is commonly obtained on the screen 
with the latter. Similar spectrum rings are observed when the Nicols 
are parallel, but they occupy the positions of the white annular interspaces 
of the ring-system produced when they are crossed. When the analyser 
is rotated 45° the rings disappear, the field being merely bright with white 
light, in accordance with the table of phenomena with selenite given on 
page 901. When a quarter- wave mica plate, to be described in the next 
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section, is also placed with it on the stage facing the analyser, and the 
latter is rotated, the rings move out from, or inwards towards, the centre, 
according to the direction of rotation. The quarter-wave plate used should 
be one with its marked direction y joining its optic axes parallel to the 
length of the plate or slide, and not nt 45° thereto, assuming the Nicola 
to have their vibration directions horizontal and vertical, and the quarter- 
wave plate or slide to be arranged horizontally (right and loft) on the stage 
of the polariscope as usual. The rings of the concave selenite then never 
^extinguish at all as the analyser is rotated, but simply move- inwards or 
outwards to and from the centre. 

Quarter-wave and Half-wave Plates.— If a pendulum be suspended 
from a rectangular pair of gymbals, g and g' being their axes, so as to 
be quite free to swing in any plane, as in Fig. 666, the j)ath of its bob, 
if swinging on one gymbal g only, will be ah ; but if the swinging occur 
only on the other g\ the path will be cd. Imagining these to be two 
planes of polarisation at right angles to each other, and the bob a 
vibrating ether particle, it is easy to see 
that if, on arriving at the position h at 
the end of a vibration along ah, when it 
is at rest just before starting on its return 
journey to complete the vibration, it re- 
ceive an impulse from another source to 
move parallel to cd, that is, along ef, the 
composition of the two forces will drive it 
into a circular orbit hod. Such an impulse 
parallel to the plane cd is given by a wave 
movement which is one-quarter of a wave 
behind that along ah. For the latter has 
moved a half-wave from a to h, and is 
just ready to start back with adequate 
force to propel it to a again, the whole 
wave comprising also this return to a; 
while the former must have travelled along 
a half-wave from d to e and then have 
reached half-way along its way back to d, fig. 666.— Pendulum Experiment illuB- 
that is, it must have completed three twtos P'oivcUon oi clr™i«r Orbit. 

quarters of its whole double swing, in order to affect the particle h and 
bo in the position to impel it to /. It is clear, then, that at h the second 
impulse must be a quarter of a wave behind the first impulse in order 
to propel the particle into the circular orbit. 

This simple mechaillcal experiment with a pendulum illustrates the 
composition of two rectilinear vibrations into a circular vibration by the 
use of a quarter- wave plate. Equal rectangular vibrations in the same 
phase compound into one plane vibration inclined at 45° to the original 
planes. When the phase differs by half a wave the vibrations of the 
resulting single plane- polarised ray arc also at 4.5° to the original planes, 
but this diagonal plane is 90° removed from the 45°-plane just referred to, 
which causes the complementary colours to be shown to those afforded 
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by the latter resultant. But if the equal rectangular vibrations differ in 
phase by a quarter of a wave, we now see that a circular orbit results. 
Intermediate differences of phase afford elliptic orbits. 

A half-wave plate consequently reverses all polarisation effects. It 
makes the bright field dark, or the dark field to become illuminated, and 
on its addition into the system changes any colour produced with a 
polarising object into the complementary colour. A very beautiful effect 
is afforded with a slide of salicine crystals, when a half-wave jdate is 
introduced so as to occupy only one half of the field. Salicine (or salicin) 
is a bitter but neutral substan(;e (glucoside) of the composition ^13^18^7 
and the constitution ( efluOg . 0 . Cyf 4 . It occurs in the bark 

of certain willows and poplars {Salix helix and amygdalina, and Populus 

trcmula and grceca). 
It crystallises in 
rhombic tablets, but 
the crystals are usu- 
ally deposited from 
solution in one part 
al(!oliol and four parts 
water in radiating 
circular groups, like 
wheels, and when 
placed between 
crossed Nicolsablack 
' cross is produced in 
each cluster, very 
much as shown in 
Figs. 805 and 806, 
and the cross rotates 
when the analysing 
Nicol is rotated. On 
also now introduc- 
ing the half-wave 
mica plate quite close 
to the salicine slide, 
the cross rotates in the opposite direction, and if only one-half of the 
field be covered with the mica the remarkable spectacle is afforded of 
the black crosses in one semicircle of the field rotating in one direction, 
and those in the other semicircle gyrating in the opposite direction. 
This beautiful experiment was shown at the Bournemouth meeting 
of the British Association in 1919 by the Rev. ff. R. Rendel, the slide 
used having the half-wave mica plate actually mounted on the slide 
itself, one-half of which it covered, between the crystals and the cover 
glass. Mr. Rendel has also most kindly prepared for the author a duplicate 
slide, large enough to cover the whole field of the projection polariscope, 
1| inch diameter, and which affords a magnificent screen picture, the gor- 
geous colouring of the polarisation between the jet-black arms of the 
oppositely rotating crosses rendering the whole effect exceptionally 
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beautiful A photograph of the screen picture is reproduced (as far as it 
is possible to do so in black and white) in Fig. 666fl. 

A quarter-wave plate inserted at 45° to the crossed Nicols, instead of 
giving colour as a thicker plate would do, gives a bright field with a feeble 
tint, and the bright field remains so when either of the Nicols is rotated, 
the tint merely changing from slightly yellowish grey to faintly bluish 
grey, for positions of the Nicols 90° apart. If sodium light be used the 
field remains equally illuminated throughout the revolution of the Nicol 

When the experiment is a projection one, and the issuing light is 
passed through a double-image Wollaston or Uochon calcite prism, a 
circular aperture in front of the lantern condenser being used as the object 
projected, as already described in Chapter XL. and illustrated in Fig. 636 
(p. 858), the two images of this aperture thrown on the screen will always 
be equally brilliant. That the light is, however, polarised is proved by 
inserting an additional polarising object, when such colour as it shows 
on the screen when the quarter undulation ])latc is temporarily with- 
drawn will be changed by a quarter of tin* Newtonian order which it 
is exhibiting, when the quarter- wave plate is again inserted in position. 

The most convenient substances of which a quarter undulation plate 
may be made are gypsum (selenite) and mica, on account of the ease 
with which they cleave into thin plates. Muscovite mica answers the 
purpose best of all, for this mineral may very readily be cleaved into 
plates thinner than sheets of paper, and approximately perpendicular to 
the acute bisectrix of the optic axial angle. 

It has been shown in Chapter XXIX. that although muscovite mica 
is monoclinic, the axial angle ^ is within a few minutes of 90°, and that 
the acute bisectrix of the optic axial angle is inclined at less than 2° from 
the normal to the plane of cleavage, the basal 
pinakoid c = {001} ; this bisectrix is the axis a of 
the indicatrix, as muscovite mica is negative in 
double refraction. The interference figure in 
convergent polarised light consequently appears 
apparently symmetrical to the centre of the field 
of the polariscope, as if the mineral were rhombic. 

This fact assists us greatly in preparing our 
quarter undulation plate. For if we select a 
plate sufficiently thin to show the first ring as 
a complete ellipse-like lemniscate, as shown in 
Fig. 667, enclosing both the optic axial brushes, 
the two rays of light travelling through the plate 
normally to it will be*vibrating in planes which are perpendicular to 
each other, parallel to the )3 and y axes of the indicatrix, and in phases 
differing by one-quarter of a wave, for light of the middle part of the 
spectrum, such as sodium light. This will be fully ex})Iained a few pages 
further (pages 913 and 923). 



l-'Kl. (5R7.— Iiitorfnrenrft FIr- 
urc in Conver«pnt Fnlar- 
I.iRht Rlvon by a 
Quarter- wavp Mica Film. 


A good even film, as thin as is available, should bo selected from the sheets sold 
in “ bwks ” by the mica dealers ; this should then be spUt further by the careful 
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insinuation of a needle point. ' After a dozen or morfe films have been so procured, 
they should be placed one by one between a couple of glass plates to keep them flat, 
and examined in parallel light in the polariscope. The particular film required, 
when inserted with the axes of the indicatrix at 45° to the pianos of the crossed Nicols, 
instead of exhibiting colours when the analyser is rotated, like thicker plates do, 
will remain unaffected if sodium light be used, and almost so when white light is 
employed, merely changing as already stated from a faint bluish shade in one part 
of the revolution, to a pale fawn colour in the other, owing to the quarter-wave relation- 
ship not being so perfect for the two ends of the spectrum as it is for Na-light. And 
when the convergent system of lenses is added to the polariscope it will afford, under 
crossed Nicols, the figure with one complete ellipse-like ring surrounding both optic axes 
which is shown in Fig. 667, when the plate is at 45° to the Nicols ; when parallel to the 
crossed Nicols the brushes will join up to form the usual biaxial rectangular cross, the 
single ring remaining unchanged, and indicating the quarter-wave retardation. 

Moreover when a Norremberg “ doubler ” is available as described in Chapter XLV. 
and shown in Figs. 732 and 733, and the film is laid on the silvered mirror at the 
base of the apparatus in the right azimuth, the quarter-wave retardation is doubled 
to a half-wave ; the Nicol analyser adds another half-wave as already explained, and 
thus the total effect of a whole wave retardation is obtained, so that the light ought 
to be fully transmitted with the Nicol crossed to the polarisor-plate. 

When the Nicol is arranged parallel to the polarising plate, the violet transition 
tint should bo given, thus affording an effective test for a quarter-wave film. 

The light leaving the quarter-wave cryistal film in thus circularly 
polarised, so that the resolution once more into two plane vibrations by 
the analyser may occur equally well at any part of the circular orbit ; 
one of these resolved rays is then alone transmitted by the analyser, 
that parallel to its own vibration plane, while the other will obviously 
be extinguished. Absolute equality of light as the analyser is rotated 
is only po.ssible, even with a very accurately chosen quarter undulation 
plate, for the one monochromatic wave-length used in making the selec- 
tion, usually sodium light, other wave-lengths on each side being slightly 
admitted, giving rise to the slight fawn and bluish tints observed in 
white light, at complementary positions 90*^ apart during the rotation. 

The quarter-wave mica plate should be marked to indicate the direc- 
tion of that axis (y) of the indicatrix which joins the positions of the two 
optic axes. One of its chief uses is to determine the sign of the double 
refraction of a crystalline substance, before the prolonged operations of 
the determination of the refractive indices are undertaken ; for a character- 
istically different effect on the interference figure given by a positive and 
by a negative crystal in convergent ])olarised light is produced by the 
introduction of a quarter-wave plate between the crystal plate and the 
analyser, as will be fully described in Chapter XLVIII. If the quarter- 
wave plate, therefore, be required for this purpose, for use with the 
observing polariscope or polarising microscope, it is cut into an elongated 
oblong shape, with the long sides parallel to the line joining the optic 
axes, and is mounted with balsam between two similarly shaped truly 
plane and parallel -surfaced glass strips, about 6 centimetres long and 
11-12 millimetres wide. The shape of the plate is thus an adequate 
indication of the direction of the y axis of the indicatrix passing through 
the optic axes. 
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If the quarter-wa¥e plate be required for lantern polariscopical pro- 
jection work a larger film is used, and mounted between two circular 
glass plates of the usual size, 1^-2 inches diameter, for insertion in the 
rabbet of a standard mahogany mount 4 by 2] inches in size, the 
circular aperture of which, that of the containing rim of the rabbet, has 
the regulation diameter of 1 ^ inches. The composite disc of quarter-wave 
film and glass is lield in position in the rabbet of 2 inches diameter by 
a not quite complete ring of brass wire, the free ends acting as a spring. 
,The disc should be rotated into the position in which the quarter-wave 
plate is required, before pressing the wire ring home, and it is advisable 
that the periphery of the disc should be engraved with a dot or other 
mark at both ends of the diameter joining the positions of the optic axes. 

As a matter of convenience it is a great advantage to have two such 
quarter-wave plates for projection jmrposes, one mounted with this 
marked diameter parallel to the length of the frame, and the other with 
it at 45° thereto, a position in which it is much required. As two 
quarter-wave plates are frequently simultaneously used in jirojection 
experiments, the possession of a second film is, in fact, essential anyhow.. 
The special stage to take both these quarter-wave plates at once if desired, 
with a third polarising crystal or other object jilate between them, all 
three mounted in their mahogany frames, is shown under the optical 
bench in Fig. 633 (p. 853). 

When the quarter-wave plate is arranged with its vibration directions, 
the indicatrix axes ^ and y (the latter the diameter joining the optic 
axes just referred to and the former the perjiendicular diameter), parallel 
and perpendicular respectively to the plane of vibration of the polarising 
Nicol no effect is produced, the jdane-polarised beam passing through 
unaffected. But when a crystal plate with vibration directions at 45° 
precedes the quarter undulation plate, the vertically or horizontally 
vibrating beam from the polari.ser is resolved by the former into two 
diagonally (45° to the vertical and horizontal) vibratijig rays, and the 
quarter-wave plate arranged vertically and horizontally again resolves 
these. Thus the use of a quarter-undulation ]>late is generally only effec- 
tive when its planes of vibration are at 45° to those or that of the preceding 
object, whether it be a polarising crystal or the Nicol polariser itself. 
And as the preceding polarising object will .sometimes have its planes of 
vibration vertical and horizontal and sometimes diagonally arranged at 46°, 
according to the nature of the experiment, it is very convenient to have two 
quarter-wave plates always ready, one mounted diagonally and the other 
parallel to the frame edges, so as to be always prepared for either case. 

To determine the direction of revolution of the circularly polarised 
light afforded by a quarter-wave plate, it is placed between crossed Nicols 
with it^ plane truly perpendicular to the axis of the beam of incident light, 
and in an azimuth such that the restored light is a maximum. The 
principal directions in the plate now make angles of 45° with the directions 
of vibration of the Nicols. The plate should then be rotated, first round 
one principal direction, then around the other, so that the light traverses 
a thicker layer of mica. In one case the colour passes from bluish-grey 
• VOL. n M 
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through iron-grey to black ; in the other case through white to yellow 
and interference colours of a higher order. The latter corresponds to 
rotation about the direction parallel to the slowei* vibrations, and this 
direction should be marked “ slow ” ; the first case corresponds to the 
perpendicular direction of faster vibrations, and should be marked “ fast.” 
By reflection at a grating, or any other mirror, the direction of revolution 
of the polarised light in a quarter- wave plate is reversed. 

The Quartz Wedge. — It has been shown in Chapters XXII. and 
XXXIX. that quartz is a positive uniaxial substance belonging to the 
trigonal system, having a refractive index for the ordinary ray of 
o) = 1 *5443, and for the extraordinary of e = 1 •r)534, the amount of 
the positive double refraction being thus e -6o = () '0091. This amount 
is relatively small, only one-nineteenth of that of negative calcite (for 
which 60 -e ~0-1710). The ordinary ray may travel in quartz, as in all 
uniaxial crystals, not only along the singular axis, the unique optic axis, 
but in any direction through the cry.stal ecjually, the wave-surface being 
a sphere. Hut it always vibrat(‘s in the circular section per])endicular 
to the axis, so that oj corresponds to all vibrations perpendicular to the 
axis, and e to vibrations parallel to the axis, but only when the direction 
of projiagation is perpendicular thereto in the circular section. 

When a section-plate is cut, ground, and jiolished from a prismatic 
quartz crystal along the direction of the prism, parallel to the optic axis, 
vibrations in the direction of its length will corresjjond to c, the greatest 
refractive index as in the case of the mica quarter undulation plate, 
while those perpendicular to the length and therefore to the axis wull 
correspond to the minimum index o). When the section is made to 
taper slightly, that is, wedge-shaped, as represented in elevation at a 
in Fig. 668 — the two fai'es being true planes meeting in an edge which 
is perpendicular to the length of the wedge, and inclined at a very small 
angle to each other, and prepared so carefully that the greatest })ossibIe 
tenuity shall be attained at the thin end — such a wedge of quartz will 
exhibit in the dark field of the polari.scope arranged for parallel light, 
and best when the wedge-length is arranged at 45° to the crossed Nicols, 
several of the orders of spectra of Newton’s scale, starting from the thin 
end, as shown diagrammatically at b in Fig. 668. The wedge may, 
in fact, be imagined to be a strip, radiating from the centre, cut out 
of the concave quartz disc (a ])late one side of which has been ground 
concave) referred to on page 908, except that both surfaces are now true 
planes slightly inclined ; or it may equally well be considered as a strip 
cut out of the Newton’s ring apparatus itself, except that the tapering film 
is here quartz instead of air, and that the second surface is a true plane 
instead of being a curved surface of large radius. Also the interference 
is due to the difference of velocity of the two rays produced by double 
refraction, instead of being due to reflection from the two surfaces of 
the wedge. The effect of the regularly increasing thickness is to 
increase the retardation of one ray, the slower extraordinary c ray 
vibrating parallel to the length of the wedge, behind the other, the 
ordinary ray oj vibrating parallel to the edge of the wedge. 
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The wedge requires to be very carefully cut to show the first black 
band, owing to the brittleness of quartz and the consequent difficulty 
of attaining great tenuity with the mineral. Only one, cut by Messrs. 
Steeg & Reuter, out of several in the possession of the author, exhibits 
the band to perfection. Usually the wedge begins at the thin end by 
showing the faint grey and then the yellow of the first order spectrum. 
The junction of the first and second orders is a strikingly brilliant band 
coloured deep red on the thinner side and deej) blue on the thick('r, with 
dark violet or purple between. Each sm'cessivc junction -band of two 
successive spectra becomes less striking than the one before it ; the 
second appears red on the thinner side and purplish blue on the thicker, 
without the deep purple centre ; the third is rose pink on one side and 
green on the other, and so on, with accession of more and more white 
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FlO. 068.— ThP Ou.irtz Wedge, in Section at ti, and tiio Seven Orders of Spectra 
lilfordcd by it in Parallel Polarised Light at If. 


light, until the end of the seventh order is reached, when the tint is 
almost pure white. The succession of spectra is diagrammatically 
represented and the order of colours stated in the lower part h of 
Fig. 668. 

Obviously, the smaller the angle of the wedge the more extended are 
the spectra, and a wedge which only just shows the seven orders in about 
two inches of length is perhajis the most useful of all, although for some 
purposes one showing only the first three orders in this length is very 
convenient. It is advisable to have at least one such quartz wedge of 
the same elongated dimensions as the quarter-wave mica, namely, 6 
centimetres by 11 to 12 millimetres. It is mounted on a glass plate of 
the same width but a little longer, and in the case of the thinnest 
showing the black band the quartz is covered with a similar thin glass 
plate to avoid injury to the fine edge, the mounting being in all cases 
with Canada balsam. 

The use of the quartz wedge in connection with optic axial inter- 
ference figures will be discussed in Chapter XLVIIl. 
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Crystal Plates in Convergent Polarised Light. — It is a very 
natural step now from the colour phenomena of crystal plates, wedges, 
and concave plates in parallel polarised light to those exhibited when 
the lighti rays are made to converge. A further factor is now introduced, 
namely, different obliquity of the rays in the various parts of a conical 
beam of light. Hollow cones of ever-widening angle, one outside another, 
succeed each other as the axis of the cone is de- 
9 parted from, corresponding for a specific thickness 

of plate and for light of a definite wave-length 
to differences of phase between the two rays 
travelling along the surface of each cone, with 
. velocities varying differently with the angle of the 
' cone, of whole wave-lengths, that is, to A, 2A, 3A, 
and so on, of retardation. 

Let us take the simplest case first, that of a 
plate of a uniaxial crystal cut perpendicularly to 
the trigonal, tetragonal or hexagonal axis. We 
have seen that along this axis there is no double 
refraction, while in all directions at right angles 
thereto there is a maximum of double refraction, 
and that the optical ellipsoid is one of revolution. 
In the diagram at a in Fig. 669 OC represents the 
optic axis, and the three cones one outside another 
may be taken to represent conical surfaces along 
which, for a section-plate AB of some convenient 
thickness and for monochromatic light of some 
specific wave-lengt-h, the difference of phase 
between the ordinary and extraordinary rays co 
„ . « . . ^ progressive difference of velocity 

Beam of Light through a oetwcen the two rays as the axis of no double 
p«udi(!ular^to*tho Axfa^ refraction is left and the maximum difference for 



rays travelling in the circular section is ap- 
proached, and also as the thickness of plate traversed increases with 
the obliquity— is respectively A, 2A, and 3A. Such a section-plate of the 
crystal will cut the cones in circular sections a, y, shown in perspective 
at a and in plan at h in Fig. 669, these concentric circles becoming closer 
as the centre is receded from, as in the case of Newton’s rings. At the 
centre, where there is no double refraction, the ordinary and extraordinary 
rays are composed of vibrations both sets of which are perpendicular to 
the axis, their direction of propagation, and parallel to the circular section 
of the optical ellipoid ; they travel, therefore, ^^th the same velocity, so 
that the waves will be in the same phase. They correspond to the same 
refractive index co, and are thus identically similar, except that their 
vibrations may occur in any azimuth of the circular section, there being 
no tendency to vibrate in one principal section (plane containing the axis) 
rather than another. After traversing the plate along the surface of the 
cone A, however, and more still at the cones 2A, 3A, and successive ones, a 
difference has manifested itself, due both to the fact that double refraction 
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has revealed itself, involving different velocity and refractive index of 
the two mutually rectangularly vibrating rays into which the light is 
divided, and that with increasing distance from the centre the rays have 
longer and longer distances to travel in which such retardation can 
develop. One ray vibrates still in the circular section and perpendicularly 
to the principal section containing the axis and to the ray, and affords 
the index w ; the other vibrates at right angles thereto in the principal 
section and perpendicularly to the direction of propagation, and with 
refractive index more and more removed from m in tlie direction of € as 
the centre is receded from. The retardation of the one behind the 
other (whether ce or € is the slower depending on which is the greater 
refractive index) is equal to exactly one wave-length A at any point on 
the circle of intersection a of the first cone by tJie exit surface of the 
plate, to 2A at any point on the second circle ^ in Fig. G09, to 3A on 
the third circle y, and so on. 

Consequently, when the crystal plate is observed between crossed 
Nicols in a conical jiencil of rays, produced by a strongly converging 
lens-system, these circles should appear bright and the intervening 
annuli dark. Ifut we have to remember that the analysing Nicol, as 
explained on page 898 in connection with the occurrences in parallel 
light, also introduces a change of phase of half a wave-length, so that 
the circles c6rre8ponding to whole wave-lengths of retardation of one ray 
behind the other really appi'ar dark in the monochromatic light employed, 
and the intervening spaces bright. The centre is not only a black spot, 
as in Newton’s rings, but is also the centre of a black rectangular cross 
radiating through the circular rings, marking the directions of the 
planes of vibration of tlie Nicols. For both at the central part where 
there is no double refraction, and in the cross, the dark field jirevails, 
the rings having their maximum clearness in the 45° diagonal positions. 

If the circular rings a, y shown in Fig. 669 were produced in 
yellow sodium light, those for red light would be wider apart, and those for 
lilue light closer together, the distance varying regularly with the wave- 
length according to a law similar to that already explained for Newton’s 
lings. If ordinary white light be employed, the circles will represent 
the colour which is extinguished, and therefore along such circles the 
complementary residual colour will jiredominate. Hence the black 
rings of monochromatic light become circular spectra in white light, just 
as in the case of Newton’s rings 

For a biaxial crystal very similar considerations apply. The two 
optic axes will be, wjthin the limits of error appertaining to the 
determination of the optic axial angle, lines of no double refraction, 
but the conical surfaces of A, 2A, 3A, and so on, of retardation will now be 
of oval section, corresponding to the lower symmetry of rhombic, mono- 
clinic, and triclinic crystals. The double refraction along any line in each 
case is measured by the difference between the axes of the section of 
the indicatrix perpendicular to it. Fig. 670 will help to render the case of 
a biaxial crystal clear. The sections of the two series of cones of equal 
retardation about the two optic axes, by a plate jierpendicular to the 
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bisectrix of t^e acute angle between the latter, are indicated in dotted 

lines. . '«* 

Before passing to the further consideration of the more complicated 
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PlO. (570. — Pa88u«e of Convergent Polarised Liglit through a Biaxial Crystal Plate perpemlieular 
to the First Median lane, (’ouch of JCqiial Itetardation about the Tavo Ojttic Axes. 

biaxial phenoiii(*na, another mode of considering the unia.xial case is 
instructive. 

Suppose abed in Fig, 671 to be a section of a uniaxial plate perpendicular 
to the optic a.xis CC'. The stjction of the plate shown in the figure is a 
principal section, as it is parallel to the uni(pic optic and singular crystal- 
lographic axis. Assuming the Nicols 
crossed and the particular section abed 
arranged at 45'^ to the vibration directions 
of the Nicols, and that monochromatic 
light is employed, a central ray in the 
converging bundle passing along CC' from 
C' to C, will suffer no double refraction, 
and the field in the centre will conse- 
(piently ajipear as if no crystal plate were 
there, namely, dark. But a ray such as c/, 
inclined to CC', will be more or less doubly 
refracted, the plane polarised light from 
the polarising Nicol being resolved into 
two rays /(/ and fh, an ordinary and an 
extraordinary ray, vibrating at different 
rates, one (the extraordinary) in the 
section abed and the other (the ordinary) 
in a plane at right angles to the section. 
At h, however, the oppositely vibrating component of an adjacent 
ray kl will also emerge, and as all the rays on emergence follow a 
direction parallel to the original ray these two rays will proceed from h 
in company, but without interference owing to their planes of vibration 
being at right angles. The analysing Nicol again resolves each of these 
and permits the two components, one from each, whicl^ are vibrating 
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FiQ. (571.— Passage of Convergent Polar- 
ised Light Kays through a Uniaxial 
Crystal Plate perpendicular to the 
Axis. 
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parallel to its own vibration direction to pass, extinguishing* the other 
two. As the two component rays thus transmitted by tlm analyser 
vibrate in the same plane they are in a condition to interfere^ which 
they do in accordance with their relative phases and the total retanlation 
of one behind the other, due to difFerenee both of path and of velocity of 
vibration. When this amounts to half a wave-length, instead of the 
extinction which occurs at the centre where the difference is nil, light,^, 
will appear, and the first dark circular ring will be formed at the locus o^ 
•points where the retardation amounts to a whole wave-length, and so on, 
light recurring for annuli corresponding to odd half wave-lengths and 
darkness to whole wave-lengths of retardation, the ordinary phenomena 
of interference being thus reversed owing to the half wave-length ol 
difference of phase introduced by the action of the analysei. 

Similar points around the axis (!C', where components of the ordinary 
and extraordinary rays interfere to the same extent, must obviously lie 
on a circle, and such circles for which the difference between the pairs of 
interfering rays is A/2, 3A/2, r>A/2, and so on, must ajijiear as bright rings 
in concentric succession, coloured according to the tint of the monochrom- 
atic light used ; for the double refraction constantly increases as wo 
recede from the centre and approach the maxiinum at right angles to the 
axis. The intervening annuli will he dark, the maxima of darkness occur* 
ring for circles of exactly A, 2A, 3A, and so on, as at tlu; centre where the 
difference is zero. 

Hence, a figure of concentric circles of alternating light and darkness 
is produced, as shown in Kig. 072, where uh is the jihine of the section 
ahed of Fig. 071. the crystal 
plate itself being assumed to 
be jiarallel to the paper ; tin* 
central point is that of emer- 
gence of the optic axis, and 
the directions 0*^-1 80’, 90°- 
270*^ are thosi* of the vibration 
planes of the polarising an<l 
analysing Nicols respectively. 

What occurs in the section 
ab 45“^ to the planes of the 
Nicols, or the analogous one 
45° on the other side at right 
angles to ab, occurs similarly 
but with less intensity in all 
other directions, as there is 
symmetry round the optic 
axis ; hence, we obtain the 
concentric circular rings of 
maxima and minima of light, 
to darkness, so the figure in monochromatic light is a soft one without 
sharp circular lines, the central umbra of each dark band being bordered 
on each side with a penumbra, fading away into the bright ring 
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Fio. 672.— Interference Figure of Concentric Clrclea and 
Park Cross afforded by Uniaxial Crystal I'late per- 
pendicular to the Axis in Convergent Polarised Light. 


There is a gradual transition from light 
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adjoining, which also varies in intensity up to a central most brighily 
illuminated circular line, softly falling off in brilliance on each side^ 

The black cross, having arms sharp near the centre but spreading 
out and shading off near the extremities, is produced because the 
intensity of the light is due to the sum of the two amplitudes of the two 
component rays which reinforce or interfere, and this Ms a maximum ^t 
,the two 45° diagonal positions and a minimuniMn the 0°'180° and 90°- 
270° directions, the Nicola being assumed to be crossed as throughout 
the above discussion of the phenomena. 

The distance of the rings from each other for one and the same 
wave-length diminishes as the centre is receded from. Qn varying the 
wave-length the separation of the rings alters ; they clofee Up .nearer to 
each other with shortening wave-length, as the blue end of the spectrum 
is approached, and open out when the wave-length is increased, as the 
red end is approached. , 

When white light is employed the extinction of a particular colour at 
any point, on account of the difference of path of the two rays for that 
colour amounting to a whole wave-length, leaves the complementary 
colour predominating, and so spectrum-coloured rings are produced 
instead of black ones. The cross, however, remains black. • a * * 

Increase of the thickness of the plate of the same substance causes 
the rings to close up, less obliquity being required to afford the same 
relative retardation and length of {)ath of the two rays on jmssing through 
the crystal ; while diminution of the thickness causes their expansion, 
a greater obliquity being obviously required to afford the same relative 
retardation and length of path through the crystal. 

Careful reproductions of actual photographs, taken by the author, of 
the interference figures in convergent polarised yellow light afforded by 
plates of two uniaxial crystals, thos<' of trigonal calcite and hexagonal 
apatite, cut perpendicularly to the optic axis, are given in Figs. 673 and 
674 on the adjoining Plate IV. The crystal plate was very thin in the 
case of calcite, and very thick in the case of apatite, the former being a 
substance of very large double refraction (a> -e = 0-1719 for Na light) and 
the latter one of small birefringence (co -€=0-0044 for Na light). Fig. 
674 is also similar to that afforded by a slightly thinner plate of calcite 
than that used for the production of Fig. 673. The two Nicols ware 
crossed in each case, and their vibration directions were vertical and 
horizontal respectively when the photograph was talcen for Fig. 673, but 
they were rotated 45° to these directions for Fig. 674'. The arms of the 
dark cross thus follow these vibration directions of the Nicols. 

Kotation of the section-plate does not alter thfe uniaxial figure. This 
will be clear from the interference figure of apatite in Fig. 674 of the 
adjoining plate ; for the figure was photographed with the crossed 
Nicols simultaneously rotated to the diagonal positions as just stated, 
which is equivalent to a rotation of the plate for 45°. The effect is merely 
to rotate the cross round 45°, its arms following the directions of vibration 
of the crossed Nicols. The figure itself is identical, and the only difference 
is as regards the position of the cross with respect to the edges of the page. 
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But rotation of the analysing Nieol to parallelism with the polaristT 
causes the complementary phenomena to be produced, namely, in luuno- 
clitomatic light a bright cross, and black rings where under crossed Nieols 
bright rings had appeared, and in white light a white cross and coinplc- 
mentarily coloured rings to those appear- 
ing with crossed Nieols. The reproduction 
of a photograph in white light is given in 
Fig. 675. 

• A Plate of a Biaxial Crystal cut per- 
pendicularly to an 0 ])tic axis affords very 
similar phenomena, but the rings or curves 
of equal retardation are not circles, al- 
though they often resemble circles very 
closely, as in the case of gypsum, the figun' 
for which has already been shown in Fig. 

611 (p. 833) ; they are really ellipse-like 
curves of the kind known in analytical 
geometry as lemiiiscates. The black cross 



075.— Infer fercnco Flunre .ifrorded 
by CuleiUs with 1‘urallel Mrols, 


is now only rejiresentcd by a single bar, which, moreover, is only straight 
when the section-plate is arranged with the jilane of tin' optic a.xes (one of 
the three priiici])al planes of the optical indieatrix) j»arallel to one of the 
vibration directions of the crossed Nieols; in other positions the bar 
becomes a hyperbolic curve with expanded tails but sharjily outlined vertex, 
the latter passing through and being pivoted on the site of the o))tic axis. 
The ellipse-like rings one outside another are symmetrical to the rectilinear 
direction of the straight black bar, but in the direction of the bar the pivot 
[losition occupied by the hyperbolic vertex, marking the ojitic axis when 
the plate is rotated, is nearer to the ring on one sidi* than on the other, 
the relations being as the differences of the intermediati* refractive index 
P from the two extreme indices ; on one side the distance Ixdwi'cn the pi\ot 
position and the ring will be proportional toy-)3, and on the other to ^-a. 

The first (innermost) dark ring in monochromatic light corresponds 
to a retardation difference, of one of the two rays which interfere, behind 
the other, of one wave-length, A. The second ring corresponds to a 
difference of two wave-lengths, 2A, the third to 3A, and so on. As 
explained for a uniaxial plate, these whole- wave-length differences 
correspond to darlaiess rather than to light on account of the additional 
half-wave-length change of phase introduced by the action of tin* analyscT. 

When the section-plate is cut perpendicularly to the bisectrix of the 
acute angle between the optic axes both sets of rings aj>pear in the 
field, one on each side of the centre, the black bar of the two joining 
up to form a continuous straight line running through both optic axes, 
when the plane of the latter is arranged parallel to a plane of one of 
the crossed Nieols ; it is crossed at the centre by the rectangularly 
transverse bar corresponding to that of the cross of the uniaxial figure, 
but relatively very much broader and less black and sharp than the one 
joihing the optic axes, which is very clearly defined at and between the 
optic axes and until it gets near the margin of the field. 
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'fTlio figure afforded by a fairly thick cleavage plate of muscovite mica 
is shown in Fig. G76 (the third figure on Plate IV.), which is the repro- 
^dt^dion of a direct photograph by the author. It has already been 
explained that the cleavage j)lane of this variety of monoclinic mica is 
within 2° of bi'ing exaidly at right angles to the acute bisectrix of the 
f'tiptic axial angle, which latter is sufficiently large, about 75*^ in air, to 
show the axial “ eyes ” very well separated in the field of the |)olariscope. 

When the section-plate is rotated, the black cross of a biaxial figure 
opens out into two hyperbolic curves or “ brushes,” like the one just' 
described as being shown, passing through the single optic axis, by a 
|)late cut perpendicularly to one axis only, the vertex of each hyperbola 



being sharp and pivoted on the position 
of emergence of the optic axis. This 
will be rendered clear by Fig. 677 
(the fourth figure of Plate IV.), which is 
a reproduction of another photograjdi 
taken when the crossed Nicols had been 
simultaneously rotated (as is possible 
with the “ Dick ” crystallographic 
microscope constructed by Swift) for 
45', that is, to the diagonal positions. 
Such simultaneous rotation of the Nicols 
IS obviously ecpiivalent to the rotation 
of the plate, and is frequently much 


FlO. 078. — niaxliU Figure. Vibration Direr- 
tions of I’late and Croaned Nicola Parallel. 


more convenient. 

The effect of actually rotating the 


plate itself, however, the Nicols re- 


maining fixed in their horizontal and vertical fixed ])ositions, is shown in 
two stages in Figs. 678, 679, and 680. Fig 678 represents the original 



I-'IQ. 079.— Diaxial l-’igure after Kotatlou of Fig. 680.— lUaxial Figure after Rotation of 
Plate lor 22p. Plato for 45°. 


position, the plane of the optic axes being parallel to the plane of vibration 
of one of the Nicols. Fig. 679 is the figure afforded when the plate has 
been rotated 22]^°, and Fig. 680 when the rotation amounts to 45°. When 
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tho rotation has attained the midway 45°-})()sition the figure is suitable 
for tlie measurement of the ojdie axial angle, by suec’t'ssive plaeing of 
the vertices of the brushes to the cross-wires, by rotation of the plafe,^ 
about a transverse axis perpendicular to the plane of the ojitJe axes. 
For the vertical spider-line becomes a tangent to the vertex in each case, 
and if a pair of vertically parallel spider-lines are employed, as shown in'* 
Fig. 681, adjustable at a distance apart just greater than the ihii'kiu'ss 
of the brush at the vertex, the latter can be delicately adju.sted between 
»f1iem The two vertices are ])reliminarily adjuste<l so as to lie bisected 
by the single hcmzontal spider-line, and to remain .so on rotation of the 
section jjlate. A detailed description of the mode of measurement will 
be given m Chapter XLVlll. 

With plates of different thickne.ss the optic “brushes” remain 
(constant, except that the sharpne.ss of thmr vertices b(‘comes diminished 
as the plate becomes thinner than that showing several comphde rings 
round each axis, which is the ligiire of suitable sharjme.ss for the ])urposi‘ 



of measurement of the ojitic axial angle, 'fhe rings rotate with the plati', 
maintaining their relative positions. The number of complete rings 
round eaidi axis dejiends on the thickness of the plate, as will b(‘ clear from 
what has already been stated ; the thicker fin* plate, tin* mon* nume.oiis, 
smaller, and sharpei the rings, as the number of conijilete wave-lengths of 
retardation, corresjionding to complete rings round each axis, increasi's 
with the thickne.ss. Thus, for in.stance, four plates of inu.scovite mica 
of graduated thicknesses afforded the interference figures shown in Figs. 
682, 683, 684, and 685. The first (Fig. 682), the thinnest jilate, was a 
film for which the difference of path within the crystal w'as such as to 
bring about a retardation of one ray behind the other amounting to one- 
eighth of a wave ; no complete ring is shown, the first lemniscate being 
of ellipse-like character enveloping both axes, near and partly outside the 
margin of the field. The figure afforded by a ipiarter undulation plate of 
mica has already been given in Fig. 667 (p. 911), and comes next in order, 
showing one entire lemniscate surrounding both axes and a .second curve 
partially visible outside it. The second figure now shown. Fig. 683, was 
afforded by a still thicker plate corresponding to half a wave-length of 
retardation ; complete ring is again visible, but there are six lemniscates 
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now in the field, the innermost of which is bending in at the centre to 
form the apj)roach to a loop. The third (Fig. 684) cleavage film is again 
thicker, and exhibits one whole wave-length of retardation, the loop of the 
innermost lemniscate being just complete, that is, each optic axis is now 
surrounded by one complete ring. The fourth (Fig. 685) is the thickest 
plate, and shows exactly two wave-lengths of retardation of one ray 
behind the other, two complete rings being present round each axis. The 
drawings were made for sodium light, so that the wave-lengths referred 
to are those for light of the average wave-length of the D-lines of thP' 
spectrum, 0 '0005893 millimetre. They were made for the crossed 45° 
positions of the ])lanes of the polariser PP and analyser AA. 

For the same thickness, the number of rings will obviously depend 
on the amount of tlic double refraction, y-a, the rings becoming smaller, 
sharper, and more numerous as the double refraction increases. Also, 
when monochromatic light is used, say that of the spectroscopic illumi- 
nator described in Chapter XLIV., and the various colours are employed 



tion, one Wuve-loii«tli. two Wivvc-lenKths. 

in succession, the rings will be observed to close up and become more 
numerous as the red is receded from and the blue end of the spectrum 
approached, that is, with shortening wave-length. 

Outside the last pair of complete rings the next lemniscate is of 
almost but not ejuite complete loop form, and the next one or two are 
still of this character, but the loop is gradually straightening out, after 
which the lemniscates become more and more cllipse-like and approach 
nearer and nearer to a circular curvature and become closer together, 
as the margin of the field is approached. 

In white light the figure is similar, but composed, as already stated, of 
spectrum-coloured rings, loop-lemniscates, and ellipse-like lemniscates, the 
cross or hy])crbolic brushes into which it breaks up on rotation remaining 
black. It differs essentially, however, from a uniaxial figure, inasmuch as 
the optic axial angle is different for each wave-length, the succession ,<rf 
colours being almost altogether dominated by this fact, and by the dis- 
persion of the bisectrices, shortly to be referred to. Indeed the phenomenon 
of dispersion of the optic axes for different wave-lengths goes so far in the 
cases of “ crossed axial-plane dispersion ” that the optic axes are situated 
in one principal plane of the optical ellipsoid for red light, and in a second 
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perpendicular principal plane for blue light. Hence, the simple succession 
of colours, as in Newton’s rings, observed with uniaxial crystals, is verv 
considerably modified and affected by this essential difference of the coii- 
ditions. Also, the rings clearly visible in white liglit cease witli the 
seventh, further spectrum coloured rings being obliterated by white liglit 
of the higher orders, whereas in monochromatic light a very large number 
of rings are visible, only limited in fact by the extent of the field. 

It must be remembered that the angle between the optic axes as ob- 
y^erved in air, generally denoted by 2E, is larg(‘r (on account of the 
difference of refraction) than the true optic axial angle within the crystal, 
which is represented as the suffix a indicating that the symbol refers 
to the acute angle between the optic axes. 

Effect of Symmetry on Biaxial Figure— Phenomena for Rhombic 
Symmetry. — The biaxial interference figure of a rhombic crystal in 
either white or monochromatic light is truly symmetrical about its two 
rectangular diameters, that is, about the central hue of the black bar 
joining the optic axes and the central line of the transverse liar between 
the axes. For these two rectangular lines are the intersections of the 
section-plate (itself parallel to one of the principal planes of the oi)tical 
ellipsoid and to a crystallographic axial plane) with two of the j)rincipal 
planes of the optical ellipsoid, which arc identical with two of tlu* crystal- 
lographic axial planes. For, the crystallographic axes and those of the 
ellipsoid being identical in direction, for all wave-lengths of light and at all 
temperatures, from the very essence of rhombic symmetry, and the acute 
and obtuse bisectrices or “ median lines ” of the optic axial angle being 
identical with two of those axes, there can be no disjiersion of the median 
lines in the case of a rhombic crystal. The only possibility of dispersion 
is that common to all biaxial crystals, namely, that of the optic axes them- 
selves, the angle varying with the wave-length and the temperature. The 
only colour complication with rhombic crystals, as regards their biaxial 
interference figure in white light, is, therefore, that due to this cause. 

Figs. 686 and 687 on the adjoining Plate V. are reproductions of 
the author’s photographs of the interference figures shown by a jilate of 
rhombic aragonite cut perpendicularly to the acute bisectrix of the optic 
axial angle. Fig. 686 was produced when the ])lane of the optic axes 
was parallel to one of the crossed Nicols, and Fig. 687 when the Nicols 
were rotated 45° simultaneously, which is equivalent to the rotation of 
the crystal plate in its own plane for 45°. The apparent ojitic axial 
angle in air 2E of aragonite for sodium light is only 30° 52', this mineral 
being distinguished for its small optic axial angle. The dispersion for 
the two ends of the spectrum is very small, not exceeding a degree. 

As an instance of accurately measured dispersion of the optic axes, 
the true optic axial angle 2V„ of potassium sulphate, which has been 
shown to be orthorhombic in symmetry in Chapters IV. and VIII., is 
67° 25' for red lithium light, and diminishes gradually and regularly as 
the spectrum is traversed until for greenish-blue F-hydrogen light it has 
become reduced to 67° 7'. This is a normal case of small dispersion, 
but there are other cases, even in the same rhombic series of alkali 
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8ul])hates, in which the dispersion of the optic axes is very much more 
considerable. Thus rubidium sulphate exhibits an optic axial angle ol 
28° 30' for red Li-light and 47° 30' for violet G-light, a difference of 19°. 

The effect of chaijge of temperature on these two typical cases of 
small and large diH[)ersion of the optic axes is still more striking. On 
heating the se(‘tion- plate of potassium sulphate perpendicular to the first 
median line to 100° C. above the ordinary temperature, namely, to 115°, 
the appanuit angle of the opti(; axes in air, 2E, increases by 7°, corre- 
sponding to an increase of the true angle of 4°. On the othej- 
hand, for a similar change of temperature the optic axial angle of 
rubidium sulphate changes so rapidly, and in the direction of diminution, 
an approach of the axes towards each other, that their separation 
becomes reduced to zero for each wave-length in succession, beginning 
with the red, and a uniaxial figure, cross and circular rings, is 
temporarily produced, at 40° for red Li-light, and eventually even for 
violet G-light at 65°. After this the rectangular cross opens out again 
and the optic a.x<is n^-separate, but along the direction at right angles to 
their former one. 'Phis interesting phenomenon is called “ crossed axial- 
plane dispersion,” as it involves the crossing from one principal plane of 
the optical ellijKsoid to another at the critical point when the uniaxial 
figure is formed. It is brought about in other cases by a change of 
wave-length alone, at the ordinary temperature, as in the case of brookite, 
the rhombic form of titanium dioxide, Ti 02 , the apparent optic axial angle 
2E for red light being 55° and for yellow light 30°, both in the plane 
|001}, while that for green light is 33° in the perpcndieular plane [OlOj. 
In all these remarkable changes in rhombic crystals, however, the median 
lines remain fixed, for all colours and temperatures, identical with the 
crystallographic axes and those of the optical ellipsoid, although in certain 
of the more extreme cases, where the optic axial angle begins by increas- 
ing with heat, what was the first median line becomes the second as the 
crossing point is apfiroached. Indeed, in the very extreme case of ciesium 
selenate, within 250° of temperature all three axes of the optical ellipsoid, 
all three ('rystallographic axes, become the first median line in turn. 

In white light, the colour phenomena only involve pronounced 
* broadening of the spectrum rings and the conversion of the dark brushes 
also into spectrum hyperbolic, when the crossing of the axial planes is 
^aiot reached. But when the latter occurs, the colour phenomena are 
specifically extraordinary and exceedingly beautiful, concave spectrum 
bands, symmetrical to the axial rectangular directions, being essential 
features. A special account of these cases will be given in Chapter 
XLIX., and the general explanation of the whole subject of crossed 
■ axial plane dispersion discussed. 

Dispersion of the Median Lines. — In the monoclinic system an 
additional phenomenon is introduced, namely, dispersion of the bisectrices. 
For only one axis of the optical ellipsoid is now fixed by the symmetry, 
that which is normal to the unique plane of symmetry of the system. 
IJence, as at least one of the bisectrices of the optic axial angle must lie 
ill the symmetry plane — in which rotation of the two axes of the ellipsoid 
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f" whenever the pliyf^tal conditions 

?ngth of illuminating light, are changed-^ tlie posi- 
may be anywhere in the symmetry plane, and will 
srent physical conditions ; indeed, when the invariable 

^ 1 *“ 'ixix of the elli]woi.l, 

sctnccs will be in the symmetry phiiie, .inii will be eqmillv 

eoiirsf <l>sP''i^ion”in that phine, retaiiiiiif; always, 

casroZtnt I-rpemlieular relatimishi,,. Three distine 

case,^typea of such dispersion of the median lines are afforded by 
MMibditied-of the conditions in the inonoelinie system, and are < on- 
L horizontal,” and ‘‘ crossed ” dispersion 

ledian lines In tAese three eases the svmnietry axis h of the 
flian’^n the direction perpendicular to the first and second 

''mqdian linr’ "'‘'•''■'‘n li'"’, aiid that of the first 

and the bisectric(«s of the acute and obtuse aiifdea between then' in 
this case be in the syinnietry plane, .so that both btseetrices are eiiiiallv 
‘'f invariable h-axis bmns perpendicular to their 
jSanw. Hence, if as usual there is also dispersion of the optic axes, one 
ot tnem will show more dispersion 
than the other, and as a matter of 
fi^the dispersion of the median 
wWb is measured by observing this 
of dispersion of the optic 
axIS^For if, in Fig. 088, 8S re- 
present the symmetry plane, per- 
pendicular to the fiaper, B the posi- ^ 

%mi of the acute bisectrix (first meiliaii line) for red fiolit and 11' that fol 
blue, then, when the optic axial angle is larger for violet than for red 
“ «' <;Onveniently expressed by the .symbol p<v, the angle for red 

and that for violet VV'. The ilispersion of the left axis 
IS then obviously RV, and that of the right axis R'V', and BB' the 
dispersion of the first median line, is the mean of the two, nainelv* 
KV-fliv ^ ’ 

2 ; for both axial movements are in the same direction, as 

represented in Fig. 6fi8. When the two movements are in opposite 
directions, that is, when the two axes for red are either both within or both 
Without those for violet, the dis])ersion of the acute bisectrix is (*qual to 
half the difference of the two optic axial movements, and in the din'ction 
of the larger movement The mode of eurrying out the measurement 
will be given in detail in Chapter XLVIIl. 

Gypsum, CaS 04 . 2 H 20 , monoclinic hydrateil calcium sulphate the 
remarkable crossed axial-jilane dispersion of the optic axes of which for 
different temperatures will be dealt with in Chapter XfdX., is also 
noteworthy as exhibiting for change of temjierature of less than JW C 
inclined dispersion of the median lines of nearly 6". In an actual 
experiment of the author’s the first median line moved in the symmetry 
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plane, which is the plane of the opfic axes for temperatures up to 
91° G., towards the crystallographic c to the extent of 5° 41 ' 
between 10° and 91° 0. The optic axis which moves fastest exhibits 
the wider rings. It is for this temperatire of 91° that the crossing 
of the axial planes occurs for this same crystal, with production of the 
uniaxial cross and circular rings. 

As illustrated markedly by the extreme case of inclined dispersion 
exhibited by gypsum, the two series of rings round the two optic axes 
display a difference in their shape and size, which is more "or le^ 
accentuated according to the amount of the inclined dis])ersion. The 
innermost ring round the one axis is often nearly circular, while that 
around the other is elliptical. Figs. 689 and 690 will render this clear, 
for the two positions in which the section is respectively parallel and at 
45° to the planes of polarisation of the Nicols. The dotted line PP 
represents the direction of vibration of the polarising Nicol, and AA that 
of the analysing Nicol. It will also be seen from the figures that the 
distribution of colour about the rings when white light is employed is 



Fia. 689. Fig. 690. 

Shapes of Optic Axial llinK.s and Distribution of (’oloiir in Cases of Inclined Dispersion. 

symmetrical to the horizontal line (parallel with PP in Fig. 689), the 
trace of the symmetry plane. * 

Case 2, Horizont^ Dispersion of the First Median Line— In this 
case the plane of the optic axes is perpendicular to the symmetry plane, 
and the second median line is the immovable symmetry axis h of th^^ 
crystal ; but the first median line lies in the symmetry plane, and is, 
therefore, capable of dispersion in that plane. Regarding the inter- 
ference figure, as usual, through a section-plate cut for sodium light 
perpendicularly to this acute bisectrix, and with the planes of vibration 
of the Nicols parallel to those of the crystal, the figure is observed in 
white light to be laterally symmetrical, but not so above and below the 
horizontal axial line, as will be clear from Fig. 691. The next illustra- 
tion, Fig-. 692, shows the laterally symmetrical but vertically unsym- 
metrical arrangement of colours at the diagonal 45°-position of the plate. 
On illuminating with the spectrum colours in succession, and adjusting 
the section first so that for one extreme, say red, the horizontal bar 
of the figure is coincident with the horizontal cross-wire, as at RBR' 
in Fig. 693, this bar will be observed to travel parallel to itself 
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vertically up or down, the optic axes remaining symmetrically placed with 
respect to the vertical line, the trace of the symmetry plane, but at an 
altering angle, say VV' for ^violet light; the bisectrix B thus moves in 
the symmetry jdane to ahd the dispersion consists of the disj)laccment 



Fig. 091. I’m. 092, 

Shapes of Optic Axhil Rlnjis and Dwtribution of Colour in Cases of Horizontal Pisperslon. 


of the horizontal bar UBll' to VB'V', assuming the plate to be parallel 
to the Nicols, while the vertical transverse bar remains on the V(>rtieul 
cross-wire. The character of the dispersion is, therefore, said to be 
horizontal.” The interference figure 
in white light is correspondingly un- 
symmetrical to the horizontal cross-wire, 
but symmetrical to the vertical wire. 

' An excellent example of this typ<‘ of 
dispersion is afforded by sanidine fel- 
spar. Muscovite mica is also anoth(*r 
cxamjile, reproductions of [ihotograjihs 
of t/lie figures given by which in the 
parallel and 45‘'-diagonal positions and 
in yellow light have already b(*en given in Figs. OTO and 077 on Plate 
IV'., facing page 920. ‘ 

An example of the mode of measuring this type of dispersion woll 
be given In Chapter XLVIII. 

Case 3, Crossed Dispersion of the Second Median Line. - In this 
cise the b axis of symmetry is the acute bi.sectrix, and is thus immovable, 
while the obtuse bisectrix lies in the symmetry jilane and is disjK'rsed 
fherein. The plane of the optic a.xes is perpendicular to the symmetry 
plane. The interference figure in white light is unsymmetrical to any 
line^ but symmetrical to the centre, where the symmetry axis identical 
with the first median line emerges, the optic axes themselves being 
dispersed but not .the median line. 

If ttre cijcle in Fig. 694 represent the symmetry plane, and BR' the 
optic axes for red light, then these will be displaci'd for violet light to a 
■position' such as VV', likewise symmetrical to the centre but along a line 
inclined to the horizontal more or less according to the amount of the 
cre^d .dispersion of the second median line. The kind of distribution 
.Q|‘coIdur (o^tro-symmetricai) will be clear from Figs. 695 and 696, 
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An excellent example of this kind of’dispersion of the median lines is 
afforded by borax, NagB^O^ . lOlIgO, reproductions of direct photographs 
of the interference figures of which in yellow light and for the parallel 
and 45'^-diagonal positions are given in 
Figs. 697 and 698, the two lower figures 
of Plate V., facing page 926. These 
photographs, as in the similar cases of 
those of mica given in Figs. 676 and 
677 of Plate IV., facing page 920, being 
taken for a particular colour of light, do 
not show the distribution of colour, but 
give a clear idea of the shape of the 
rings. The colour scheme, however, is 
well shown in Figs. 695 and 696. The 
optic axial angle in air 2E for borax in 
sodium light is 59° 23', an angle inter- 
mediate bc'twccn that of aragonite (30° 
52') illustrated in Figs. 686 and 687 on 
Plate V., facing page 926, and that of mica (75°) as photographed in 
Figs. 676 and 677. These three jiairs of figures thus illustrate a tyiucally 
graduated series of optic axial angles of biaxial crystals, as seen in air. 



Fia. 094. — Crossed DisporHion of the 
Median Idnee. 
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Shape of the Optic Axial iilngs and Distribution of Colour in Cases of Crossed Dispersion. 


The mode of measuiing the amount of crossed dispersion will be 
described in Chapter XLVIII. 

Hyperbolic Interference Curves. — A plate of a uniaxial crystal 
cut parallel to the optic axis usually affords interference curves of 
hyperbolic character. Fig. 699 reproduces photographically the effect 
afforded by a jilate of quartz so cut. A thinner plate of calcite parallel 
to the axis also yields curves almost exactly like those in Fig. 699 ; a 
calcite plate of the same thickness as a quartz plate always shows the 
hyperbolae more closely congregated together. In Fig. 700 is shown an 
interference figure also composed of hyperbolic curves, afforded by a 
plate of calcite cut from a natural twin at an angle of 22^° to the optic 
axes. This figure is more extended along the direction of one of the 
planes of the Nicols than along the other, whereas Fig. 699 is symmetrical. 
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Both figures were obtained when the plate was arranged with its planes 
of vibration at 45° to the planes of the crossed horizontal and vertical 
Nieols. (See also page 1126.) 

Savart’s Bands. — When two plates of quartz or calcite are cut at 45° 


Flu C!)'.). — lIy|H*rl)()li{' CiirvpH Ri\('n by Plato 
of quart/ parallel to the Axis. 


Fio. 700. -lljperbolle (’ur\e» given by Plate 
of a (’alfite Twin out to Optic Axle. 




to the axis, and then crossed and cemented with balsam at right angles 
to each other, the composite plate exhibjt.s the parallel bands shown by 
photographic reproduction in Fig. 701. They are known as “ Savart’s 



Fig. 701. — Savart’s Hands afTorded by two Plates of Quartz cut 45” to Axis, and crossed at 90 '. 

Bands,” as Savart employed the device for the construction of an analyser, 
the double plate affording an extremely delicate test for small amounts of 
polarisation of light. For only a very slight amount of polarisation in 
the light reaching such an analy.ser at once renders the bands visible. 


CHAPTER XLIII 


THE CUTTING AND GRINDING GONIOMETER 

This instrLiment, with which all the section-plates and 60°- prisms emjdoyed 
in the author’s investigations have been prepared, is shown in Fig. 702. 
It was devised in order to re[)lace by a method of precision the difficult, 
wearisome, and at the best only approximate, current method of grinding 
by hand, upon a slightly convex plate of ground glass lubricated with 
oil or a solvent for the crystal substance, the section-plates and prisms 
of the relatively soft and fragile crystals of artificial preparations which 
arc required for the determination of the optical constants. It is equally 
capable of preparing such surfaces, however, on the harder crystals of 
naturally occurring minerals. 

It is possible by means of it to cut or grind and jiolish a truly plane 
surface in any desired direction in a crystal accurately to within three 
minutes of arc, an amount of possible error which would exercise no 
appreciable influence on the values of the optical constants. This result 
may be achieved in a small fraction of the time hitherto required by 
hand-grinding, and, owing to the provision of a delicate arrangement for 
suitably modifying the pressure with which the crystal bears on the 
grinding plane, with oidy the very slightest risk of fracturing even 
a friable crystal. An automatic time-saving device is also provided, 
by which a second surface may be ground parallel, with a like degree 
of accuracy, to the first. Moreover, there is a special apparatus for 
preparing the two faces of a GO'^-prism with only a single setting on the 
crystal-holder. The section-plates and prisms of non-perishable substances 
furnished by the instrument possess the further advantage of being so 
highly polished as to enable them to be employed in most cases directly, 
without cemented cover-glasses, for the determination of the refractive 
indices and optic axial angle. Even in the cases of the more perishable 
ground and polished faces of the crystals of chemical preparations, 
especially those of salts containing water of crystallisation, the author 
has proved by an exhaustive scries of actual determinations that, when 
the following three precautions are taken, thin cover-glasses may be 
used permanently to protect and preserve the prepared surfaces without 
any appreciable effect on either the refractive index (expressed to the 
fourth decimal place) or the optic axial angle. These precautions are : 

932 * 
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(1) Only thin micro-cover-glasses should be used which have been tested 
on the goniometer and proved satisfactory as regards true-planeness and 
parallelism of their two surfaces ; (2) the pieces used, cut by a diamond 
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from such truly plane-parallel cover-glasses as have passed the test (1), 
should scarcely exceed in size the dimensions of the ground and polished 
facets on which they are to be mounted, however minute those may be ; 
and (3) the mounting of the miniature glass plates should be effected with 
the minimum of hard Canada balsam dissolved in benzene, so that on 
drying by evaporation of the benzene the cementing layer shall be a very 
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thin and parallel surfaced film. The values of these constants derived 
from prisms and section-plates prepared with this instrument are thus no 
longer only approximate but precise. 

The instrument consists essentially of six parts : (1) an accurate 
goniometer of the suspended type with horizontal circle, provided with 
(2) adjusting movements for the crystal, furnished with divided circles 
and of special construction ; with them are combined (3) a crystal-cutting 

gear and (4) 



8Cf)arate crystal - 
grinding and polish- 
ing gear, (5) an 
apparatus for con- 
trolling the pressure 
with wliicli the crys- 
tal bears on the lap, 
and (6) a variety 
of crystal - holders 
specially c o n - 
structed for the dif- 
ferent objects in 
view, and afpording 
considerable means 
of preliminary ad- 
justment 


The goniometer 
circle and adjusting 
movements aro sup- 
ported at tho conveni- 
ent height above a 
heavy circular base by 
three stout pillars and 
a triangular cross-plate, 
the latter lettered a in 
the section givv,n in Fig. 
703. Tho central bear- 
ing cone b for the 
various axes is part of 
the same casting with 
the cross - plate, and 
within it rest in suc- 
cession three movable inner axes. The construction of these will be rendered clear 
by the section. Fig. 703, to which all the letters in this description refer. The 
first c, which may bo rotated by a milled ebonite wheel d, carries at its upper end the 
horizontal circle e, which is directly divided into half-degrees and reads Avith the aid 
of a vernier to single minutes. It is provided with a fine adjustment /, and fixing- 
screw g. The milled head of the fine adjustment screw is indicated at h in Fig. 703 
and is seen in front in Fig. 702. 

The bore of the circle axis c is cylindrical, and within it the second movable axis 
t is capable of vertical motion only, rotation being prevented by a rib and groove. 
This axis t is designed entirely for the purpose of modifying the grinding pressure 

f 


Fig. 703. — Section of Axial System of Cutting and Grinding 
Goniometer. 
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between crystal and lap. The whole weight of the axis and all that it carries may be 
wholly or partially counterbalanced by a pair of levers k, the fulcrum supports 
I of which rest upon the circle plate e. Their inner and shorter curved arms terminate 
in blunt knife edges which press upwards against a collar m carried by the axis 
♦, and which is adjustable to any convenient height ; their power-arms are weighted 
by leaden weights n, which together counterpoise the whole weight. One of the levers, 
the right one in Fig. 703 and left one in Fig. 702, may bo thrown out of action by 
raising a capstan screw o, thus leaving half the weight of the axis only in operation. 
Tho author generally employs the axis so, manipulating the free lever with the left 
hand, lightly holding the eountorpoiso n between the thumb and two fingers, and 
manipulating it according to the “ feel ” of tho grinding. A spur p prevents the axis 
being raised inconveniently high. In the cases of very soft artificial crystals tho screw 
o can bo lowered and thus both levers rendered available in reducing the pressure. 
On the other hand, when hard mineral crystals are being dealt with, tho weight on 
this axis i can bo increased by placing small shot or weights in a brass cup carried at 
tho upper end of tlie axis, its stem fitting over the cylindrical cover-cap v indicated in 
section in Fig. 703, as shown in po.sition in Fig. 702. These arrangements thus enable 
the weight above the crystal to be varied during grinding or polishing to any desirable 
extent. Tho use of the left hand on the loft lever enables the most delicate control to 
bo maintaiiK'd over tho pressure on tho lap, and after a little ])ractie(‘ it is an extra- 
ordinary occurri'nce that a crystal should break or crumble under tho operations. 
The axis i can be fixed rigidly to tho circle (the latter being previously fixed by the 
clamping screw 7) by moans of the gripping collar q, the screw of which is tightened 
u]) by a key provided. This fixation is necessary during cutting operations. During 
adjusting operations it is not necessary to keep the axis 1 up by this fixation, a little 
locking hook being simply thrown over tho longer arm of that lever which is usually 
manipulated by the left hand, but rotated to the right in Fig. 702. 

Within this second axis i slides, also without rotation owing to ki'ying, the third 
axis of steel r, which carries at its lower end the crystal and its means of adjustment. 
The upper portion of this axis is tapjx'd with a fine screw thread, and the axis can be 
raised or lowered by a millod-headed wheel which manipulates the driving-nut f The 
latter rotates without vertical motion within tho solid head u of the hollowed axis. 

Tho crystal-adjusting and centring apjiaratus is carried at tho lower end of the 
inner steel axis r. and consists of tho usual two circular adjusting segments and pair 
of hori/.ontal centring movements, but is constructed more strongly than usual. The 
centring is attained by the movement of two circular di.scs w and x about each other 
by means of a pivot near the periphery, and of these two about a third ij in a similar 
manner, which latter is rigidly fixed to the lower end of the steel axis r by moans of 
the bridge 2. I’he movements are maintained steady by a slot and screw with large 
head in each case, near the jieriphery at the opjiosite side of tho centre to tho pivot. 
Tlic end of the centring screw w' or x' presses against a short vertical piece fixed to 
tho central disc x, and passing through a cent ral hole in the outi'r disc w or y, 
contact between screw and ujiright being maintained by a spring ])iHton pressing on 
the other side of the upright. Tho two movements are arranged at right angles to 
each other. Tho adjusting movements are tho two circular movable segments y' and 
z', rotated over strong cyhndrical guiding beds by a couple of tangent screws with milled 
heads, arranged, hko tho movements, at right angles to each other, jiarticular care 
having been taken to set both at exactly 90'’ O'. The screw which rotates y' is shown to 
the left in Fig. 703. Tho movements differ from those of an ordinary goniometer in 
being provided with silver scales divided directly to degrees, on the faces of the guiding 
beds, and with silvt'r indicator-marks to correspond on the movable segments. The 
tenth of a degree of movement may readily be set, and a twentieth (3') estimated. 

Besides this pair of circular motions of which the two planes are fixed at right angles, 
an alternative set is provided, shown both in position in Fig. 702 and in Fig. 704, in which 
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the lower movement may be adjusted at any desired angle to the upper movement, by 
means of a horizontal circle with silver scale, also divided directly into degrees, carried 
by the upper movement, the lower movement carrying on a similar circle plate four in- 
dicating marks on silver 90“ apart. The lower movement may be clamped to the upper 
one in any position by means of a double tightening screw, which fixes the indicating disc 
to the circle, and which can bo manipulated from either side by means of a key supplied. 

The crystal is to be attached to the small cross-grooved disc of the crystal -holder 
by hard and rapidly-setting optician’s wax; as used by the author, this is composed 
of the best British pitch, hardened by long boding, purified by straining, and 
admixed with more or less fine rouge. It is to bo adjusted so that the zone of faces 
perpendicular to which it is desired to grind a surface, if such a zone bo developed, 
is parallel to the vortical axis. When a zone of this character is not present, as will 



Fio. 704. — Special Crystal-adjusting Movements of Cutting and Grinding Goniometer. 

happen in monoolinio and triclinic crystals, a prominent one of convenient and 
accurately known position with respect to the surface to bo ground is adjusted, and with 
the aid of the two circular movements — arranged either at 90°, or at any other desirable 
angle if the crystal be triclinic — the calculated necessary rotations can be given to 
bring the plane in question within the crystal parallel to the grinding lap. For all 
ordinary cases up to and including monoclinic crystals, the author prefers to use 
rectangularly fixed movements, and in order that the desired plane shall be adjusted 
for grinding or cutting it is usually only necessary to rotate one of the movements for 
some particular angle — indicated by the extinction determinations — after the 
prominent zone has been accurately adjusted, and after one face has been set either 
parallel to one of the movements or at some definite angle with it. Provision for 
setting any face exactly parallel to a circular motion is provided in a series of special 
crystal-holders of graduated sizes to suit different sized crystals, which permit of the 
requisite amount of rotation after the holder is fixed in its socket. Two different 
ones are shown in position in Figs. 702 and 704 respectively. The cross-grooved 
attaohing-plate forms the bottom of a hollow cylinder, which is rotatable about a 
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solid cylindrical core, and capable of fixation in the adjusted position by two screws 
passing through slots of adequate length to permit of over 45° of adjustment. A 
very small glass plate, cemented on the side of the adjustable segment strictly parallel 
to the plane of its circular movement, is used to obtain a reflection of the collimator 
signal-slit, and for the allocation of this imago to the cross-wires of the telescoije the 
circle reading has once for all been determined, thus enabling the setting of the face 
to the same reading by means of the adjusting cylinder to be accurately attained. 
In Fig. 703 one of the unadjustable holders is shown. In addition, three gripping 
holders are also provided, shown resting on the wootlen basal plinth of the instrument 
in Fig. 702, over which fits the protective glass shade. All are ]>sddod within their 
prongs with cloth ; two are merely of the pincette ty]»e, while the third is triply 
split, and the three prongs are tightened when grijiping a crystal by working down 
an annular nut upon them, the upiier jiart of the stem being ta^qied with a screw 
thread. All the crystal-holders fit by means of a central peg into an axial hole in the 
lower adjusting segment, and can be fixed there by a tightening collar (Fig. 702) 
or fixing screw, the lowest visible in Fig. 703. 

For grinding the parallel surface of a section plate, after the first surface has been 
prepared, a further special crystal -holder is provided, consisting of two parts screwed 
together, one being like a shallow cap and the other a disc with central ]>cg. The two 
parts are shown, separated, lying in fronton the wooden ba.se in Fig. 702. The crystal 
is mounted by its already ground surface on a circular disc one centimetre in diameter 
of truly parallel glass, with hard t'anada balsam dissolved in benzene. This is laid, 
when the balsam is quite dry and hard set, in a concentric rabbeted roeejitacle for it in 
the centre of the cap-like part of the special holder, with the crystal projecting through. 
This part is then fitted to the other, which consists of a thick metallic disc one inch 
in diameter ; one surface of this disc is a true plane, and the other carries in its centre 
and perpendicular to the true plane the usual insertion ]>eg, and also an enveloping 
cover-plate very similar to the cap. The disc fits nicely into the circular depression 
in the cap, and (he latter bears three little screw-tapped uprights at eijuidistant posi- 
tions on its marginal flange, whicli fit through holes in (he cover-plate, so that when 
little milled nuts are screwed on the three screws the two parts are firmly fixed to- 
gether, with the gla.ss plate pre.ssed into full contact with the true })lane. This true 
plane should previously have been adjusted- when placed in position with the peg 
(wliK h has a groove fitting a pin in the socket, to prevent rotation and enable it always 
to regain a similar position on insertion) in the socket at the bottom of the crystal- 
adjusting apparatus — so that it is absolutely parallel to the grinding lap. This is 
readily ascertained by lowering it close to the lap and adjusting till an evenly thin line 
of light is seen between the two in all positions on rotation of the crystal axis. It will 
then nwover this parallel position on reinstation after attaching to it the lower part 
containing the section and its glass-plate mount by means of the three screws. As 
the rablieted annulus holding the gla.ss plate is very thin, a section may bo ground 
which may, if require. 1, be almost as thin. The ca]> is maile of very hard white metal 
in order that the thinness of section-plate may be as extreme as is ever required, in 
the cases of crystals of high double refraction, 'i'ho second surface thus ground is 
bound to bo parallel to the first, as the glass plate on which it is mounted is parallel- 
surfaced, and the surface of the true plane, itself parallel to the grinding lap, is in 
absolute contact with it. The disc with its cemented crystal may be removed from 
time to time during the grinding without disturbing the adjustment, so that grinding 
may be stopped when the section is of the desirable thickness to enable it to exhibit 
small rings in its interference figure, the condition required for measurement of the 
optic axial angle ; or whenever any other desired thickness, to suit some other condi- 
tion or experiment, is attained. 

In order to prepare a 60 °-prism, that is, two surfaces inclined at 60°, by one setting 
of the crystal on the wax of the holder, it is obviously necessary to rotate the crystal 
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for 60® on each side of the particular principal optical plane which has been adjusted 
vertically to the grinding plane, with the aid of the goniometrical arrangements pro- 
vided on the instrument, and to which optical plane the two required surfaces are to 
be symmetrical. The two cylindrical movements of the ordinary adjusting apparatus 
already described admit of 35“ of rotation on either side of the vertical axis in each 
case ; this amount is ample for all the purposes of the preparation of section-plates, 
and also for the preparation of a 60“-pri8m by separately setting the direction of each 
required prism-face, by rotation of 30° from the plane perpendicular to the bisecting 
plane, which can usually be as readily adjusted as the bisecting plane itself. But it 
repays to render the adjusting mechanism more cumbrous in order to achieve both 
surfaces by one setting ; hence, a special alternative adjusting apparatus is provided 
for this purpose. It is shown in Fig. 702 in the immediate foreground, to the right. 

A duplicate centring arrangement is given with it, so that it is only necessary to 
detach the whole of the ordinary apparatus from the bottom of the steel axis r, by 
unscrewing the four screws attaching the upper centring disc to the bracket {z in Fig. 
703), those screws in the latest form of the instrument {Fig. 702) having milled heads 
and also capstan holes, for more rigid fixation by a steel lever provided. The new 
attachment is exactly like the ordinary movements down as far as the upper fixed 
cylindrical segment and its divided silver scale reading 35“ on each side of the indicator- 
zero. But the movable segment sliding within it is made double the usual size, that 
is, of rather more than 150“. On one face, immediately below the fixed scale, it bears 
at the centre an indicating mark on silver for that upper fixed scale, while on the other 
face it bears a silver arc graduated to 75° on each side of the centre. This large movable 
segment is only movable as regards the 35° of adjustment, and is usually only moved 
for the few degrees required for the adjustment of the bisecting plane of the proposed 
prism ; it is thus the fixed segment as regards the large rotation for the two faces 
to be ground. Within it, underneath, the usual lower adjusting movement of the 
ordinary kind slides to the largo extent of 75° on each side already indicated, the 
plane of the two movements being in this case permanently fixed at 90° in order to 
save further unnecessary complications. The adjusting movement of the large seg- 
ment about the upper fixed one is effected in the usual manner, by tangent screw, 
for the 35° of its path on each side, indicated by the upper ordinary scale. The lower 
rectangular movement is similarly sup^died with a tangent screw. But the large 
amount of sliding of the carrier of this lower movement for the grinding of the two 
prism-faces, within the large new segment, is effected by hand, and fixation at any 
required position with reference to the large silver arc can bo brought about by a 
milled-headod screw-clamp on the opposite side to the index and lower tangent screw. 

In using the apparatus, the crystal is attached by the minimum of wax to the 
smallest of the adjustable cylindrical crystal-holders, so that the proposed bisecting 
plane of the desired 60° -prism is arranged vertically, as nearly parallel to the 
goniometrical axis as po.ssible, and parallel to the lower tangent screw. The azimuth 
adjustment of the cry.stal-holder is very useful in attaining this. Exact adjustment 
of the plane in question is then perfocttMl with the two tangent screws, and so that 
the direction of the desired refracting prism-edge is brought truly parallel to the 
grinding lap-surface, the clamping .screw being meanwhile fixed with the indicator on 
the largo arc at zero. The screw of the clamp is then unloosed and the slider with 
the lower movements and the crystal moved round 60° on one side, as indicated by 
the silver index against the large arc, and the clamp again fixed. The first surface 
may then be ground and polished. The clamp is then again loosed, the lower part 
of the apparatus rotated back to zero and further to 60° on the opposite side of 
the centre, the clamp fixed, and the second surface ground and polished. 

The goniometrical telescope and collimator are arranged in the horizontal plane at 
the convenient height for observing the crystal. They are movable over circular 
guiding arcs, the centre of which lies in the vertical axis of the instrument. This 
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adjustment can be perfectly attained once for all by means of throe adjusting screws 
passing through collars found the optical tubes into the corresponding bearing 
supports ; a strong annular spring is confined between the collar and bearing in each 
case and presses them asunder, while the three adjusting screws at 120° intervals draw 
them together against the force of the spring, which is so strong as to afford a very 
rigid adjustment. 

A combined goniometer- and micrometer-eyepiece is provided, duo to the sugges- 
tion of Sir Henry A. Miers; it has two fixed spider-lines at 90°, one adjusted exactly 
parallel to the vertical axis of the goniometer and the other horizontal, and a third 
spider-lino which is both rotatable and capable of movement parallel to itself in the 
focal plane. The fixed lines are attached in the central aperture of a circle-plate 7 
centimetres in diameter fixed round the optical tube of the eyeyiiece, and which carries 
near its periphery a circle divided into degrees. The movable spider-line is arranged 
in the aperture of a micrometer-box carried in front of a similar circular plate, ^ftt^ng 
closely to the first plate and partially enveloping it with a milled llange so as to be 
rotatable about it. A window through this front plate, seen above the micrometer in 
Fig. 702, allows the circle to be read through it, the inner edge of the window being 
bevelled and engraved with a vernier, by which the circlt' can be road to minutes. 
The movable spidor-hne is fixed to the traversing frame of the micromotor, at the 
focus of the Kamsden eyepiece, which slides in a short front tube. Jiy a suitable 
device the fixed lines are brought also into the focal plane and almost in contact with 
the movable line. The traverse of the latter and its frame is recorded by a drum on 
the right, divided into 100 parts, the reading being by an indicator alongside. The 
two circles can be clamped together, when desired, by the fixing screw seen bidow the 
micrometer in Fig. 702. 

These arrangements on the telescope enable the instrument to be used not only for 
its specific purpose, but also for the study of small movements of the image of the 
collimator signal-slit, which in this instrument is of the kind shown in Fig. 26 (p. 44), 
reflected from a crystal face during the growth of the crystal in a cell of mother-liquor 
placed on the grinding-table, and duo to disturbance of the thermal or other conditions 
of the .solution. In fact this instrument servos for a most useful variety of other pur- 
poses than that for which it was primarily designed, jiarticularly for the determination 
of refractive indices by the total -reflection method, as will bo found described in 
Chapter XLVII., and is a most valuable acquisition to a crystallographic laboratory. 

The removable lens in front of the telescope objective is capable of being thrown 
into position as usual for the purpose of converling the telescope into a low-power 
microscope, or a dupheate may be placed in front of the eyepiece and made to travel 
for some distance in front of the latter along the ojjtic axis, in order to follow any 
signal-image right up to the image of the crystal face rcHecting it. The pair of lenses 
are mounted for this purpose on the cross-bar of a T-picce, the stem being hinged to a 
short upright from a tube sliding without rotation over the main optical tube. This 
arrangement is of considerable value in tracing the images derived from vicinal faces ; 
such vicinal faces may be actually studied during the growth of the crystal, by 
the method employed by Sir Henry Miers (see p. 393, Chapter XXIV ), to whose 
suggestion this accessory is also due. 

Just below the plane of the optical tubes the horizontal grinding table or “ lap ” is 
supported, in a frictionless bearing carried by an adjustable dovetailed slider moving 
over a correspondingly dovetailed guiding bed. Ton interchangeable laps of different 
materials are provided, to suit the grinding and polishing of crystals of every degree 
of hardness. There are three glass laps, two of which are respectively very finely and 
moderately finely ground, while the third is polished clear ; there are four metallic 
laps, of iron, gun-metal, hard white-metal, and jicAvtcr respectively, for use with 
emery, putty -powder, rouge or rottenstone and water ; another lap is of boxwood, for 
use with putty -powder in polishing, and a further polishing lap is of hard optician’* 
• 
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wax, mounted in a metallic tray, for use with rouge as in polishing glass surfaces; 
the tenth is an emery wheel. Over any one of the metallic laps may be stretched emery 
cloth, chamois leather, broadcloth, satin, parchment, or any other fabric or integu- 
ment which it is desired to use for grinding or polishing purposes ; and two inter- 
changeable bronze rings, of different tightness of lit, are provided to encircle the laps 
and secure the covering material in its tightly stretched condition (affording a flat 
surface) over the lap. Security is also aided by six little pressure screws with milled 
heads, screwing through the ring. 

The surface of each of these laps is made a true plane, and any one can be fitted 
on the permanent supporting table of the same diameter (4i inches) at a moment’s 
notice, fitting by three pegs into corresponding holes in the table, and being simply 
locked there by rotating a little lever under the table, which brings a locking-plate 
into grooves in the pegs. The glass laps are employed chiefly with the crystals of arti- 
ficial salts, one of the two ground-surface laps being used for grinding, lubricated with 
“ brick ” oil (olive oil in which a red-hot brick has been plunged, which appears to 
destroy certain clogging constituents), or in some cases only with the moisture of the 
breath ; the clear plate-glass lap is used for polishing, lubricated in a similar manner. 

The lap is rotated by a driving gear arranged equally on each side of the axle so 
as to diminish strain, the driving pulley being on the right and a friction pulley 
on the left. The grinding is best under control when the driving pulley, which is 
provided with a suitable handle, is rotated by hand, each revolution producing two 
revolutions of the grinding lap. The driving pulley is, however, provided with two 
grooves, the upper of which is intended for the reception of a band from an electric 
motor, whenever power driving can be safely employed. 

Concentric grooving of the lap is avoided, and more or less equal wear ensured, by 
the mounting on the slider, which is made to traverse the dovetailed bed resting on 
the circular iron base of the instrument by rotation of a long driving screw gearing 
with a thread in the bod and manipulated by a winch handle at the right-hand end. 
The inner end of the screw being unflangod, the slider and all that it carries can readily 
bo removed altogetlier after driving outwards to the end of its path, in order to afford 
more room when the cutting apparatus is in use. The permanent table on which 
the laps are interchangeably mounted is provided with the means of adjustment by 
throe strong screws, which level its axle base-plate with resjiect to the slider, in order 
to be able to bring the table exactly perpendicular to the vertical goniometrical 
axis. The friction pulley is also adjustable by means of slots in its bearing-bracket, 
through which its fixing screws pa.ss, so as to be able to tighten the driving band. Any 
friction of the band may also be entirely avoided, as both driving and friction pulleys 
are so mounted that they may be slightly tilted if desired, three-screw adjustments 
being provided for the purpose. 

An adjustable guard-screen is also provided to protect the observer and the optical 
parts of the instrument from splashing during the cutting or grinding of hard crystals. 
It is very seldom required, however, as splashing rarely occurs with brick oil as 
lubricant, in the cases of the small crystals generally operated on for crystallographic 
optical investigations. It is never required for use with the glass laps and artificial 
chemical crystal preparations. 

The cutting apparatus is carried at a height which brings the diamond-fed cutting 
disc of soft iron, 4 inches in diameter, to exactly the same level as the grinding 
surface of the lap. It is separately mounted on a rigid horizontal arm pivoted on the 
back pillar of the instrument, so that it can bo rotated out of the way during grinding 
operations. It is further supported when required for use upon an adjunct of the right 
front pillar. The cutting disc is supported between two stout broad washers carried 
by the frictionless axle, and is driven by an independent gear also mounted on the 
arm, consisting of a driving pulley and two friction pulleys on opposite sides of the 
axle. The driving pulley is given in duplicate, the second one being below on the 
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same axle, and intended for motor driving when desired. The arm on which the whole 
apparatus is carried is bent inwards towards the crystal, in order to advance more 
conveniently the cutting diamond-edge of the iron disc to the crystal. Three inter- 
changeable cutting discs are provided, one of the usual thickness of a lapidary’s 
cutter, and two somewhat thicker and therefore more rigid. Their edges are 
charged with diamond dust (a diamond being crushed in a steel mortar to provide it) 
by smearing a mixture of oil and the dust round the edge and then forcing it into the 
soft iron by holding a piece of agate against the disc during its rotation. After one or 
two rojiotitions of this treatment the cutting edge of the disc becomes charged with 
enough diamond to last for years. The edges of all the discs had first been carefully 
squared (made perpendicular to the surfaces of the discs). 

The support for the arm on the front pillar is a fitting which is instantly removable, 
by sliding upwards out of a dovetailed grooved bearing, the latter forming a jiermanont 
part of the pillar ; the fitting is always thus removed during grinding o^ierations. 
The sliding dovetail, which forms the back portion of the removable fitting, slides 
immediately into position in the recess, a stop arresting the fitting when at the right 
height. The attachment includes not only a supporting fork for the arm (somewhat 
like a tuning-fork placed horizontally), but also the apparatus f(»r directing and 
controlling the cutting. The latter consists of a horizontal traversing bed and slider, 
manipulated by the largo milled head of the traversing screw seen in front of the centre 
in Fig. 702. The arm is attached to the slider by bmng gripjied between a small spring 
piston and a spring-hinged wedge-shaped hook in front of the fork ; the hook is pushed 
out of the way by the arm in entering the fork, but is caused to slip back behind the 
arm by the spring pn^ssmg it down from above. 'Phis giippmg arrangement is carried 
by a much larger piston, retained by a strong spring in a cyhnder fixed to and above the 
slider. The possibility of undue pressure being develoiied bet wwn cutter and crystal, 
owing to injudiciously rapid rotation of the traversing screw, is thus avoided ; for the 
spring gives way before the pressure becomes dangerously gn-at, the piston being pulled 
out of the cylinder. Two inches of traverse are permitted by the length of the fork 
and of tlie traversing bed of the slider, an amount ample to permit of the cutting 
through of a crystal nearly an inch in diameter, a size never exceeded and rarely 
approached in work of the character contemplatiid with the instrument. 

This form of cutting apparatus is found to work admirably. There is no tendency 
to jamming when once the oi>erator has become familiar with the rate at which the 
milled head of the traversing gear can most advantageously be rotated with the left 
hand, while the driving wheel is maniinilated with the right; and the cutting is 
more perfectly under control than when the pre.ssure of the cutter is brought about by 
a spring or a weight hanging over a pulley. 

In order to cut through a crystal along a specific plane, the latter is first adjusted 
parallel to the plane of the optical tubes, and therefore to both the cutting disc and 
grinding lap, by the goniometrical means already described. The crystal is then 
lowered by rotation of the milled head at the top of the instrument until it is at a 
convenient height for cutting, in which position it is fixed by first clamping the circle 
to the fixed cone by the milled-headed screw forming part of the arrangimicnt for fine 
adjustment of the circle (at the back of the circle in Fig. 702, g in Fig. 703), and then 
preventing any movement of the balancing axis % by tightening the collar q immediately 
above the circle, by means of the key suppUed. Cutting is then proceeded with, 
commencing the rotation of the cutter and its traversing very slowly at first, and 
gradually increasing the speed according to the “ feel of the cutting, the diamond 
wheel being lubricated with brick oil. If by inadvertence a jam should ever occur, 
the slightest reversal of the motion of the traversing screw will instantly release the 
cutter. The speed should be materially reduced towards the finish, in order that the 
end of the crystal may be cut off cleanly right up to the farthest edge. A hard crystal 
such as a topaz (hardness 8) may be cut through in a very few minutes, and the cut 
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surface is so smooth that very little grinding is required, which may be at once 
proceeded with on the gun-motal or hard white-metal lap, with the finest washed flour 
emery, made into a paste with water or brick oil. A thick glass disc an inch in 
diameter is provided for use as a “ bruiser,” to work down the emery paste to an 
even consistency on the lap before grinding. The cutting apparatus is rotated out 
of the way to the back, and the front-pillar attachment altogether removed, in order 



Fig. 705. — The Crystal-grinding Goniometer. 

to afford ample room. The pressure between crystal and lap is controlled as already 
described, by manipulation of the left counterpoised lever with the left hand, and 
the path of the crystal on the lap changed by moving the slider along its bed more 
or less from time to time. During grinding, the axis i is, of course, quite free, having 
been released after the cutting. Polishing may occur exactly as carried out by 
opticians, with any of the polishing laps already mentioned, which provide for all 
the current methods of work, except that the crystal is fixed while the polisher 
revolves. 
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A further useful accessory is a small adjustable stand, shown to the right in 
Fig. 702 behind the prism -preparing adjusting moremonts, to wliich may bo fitted 
either an oblique caoutchouc wedge, for keeping the emery paste moving into the 
path of a hard mineral crystal during grinding, or a camel-hair brush, to keep the 
path in front of a softer crystal of an artificial chemical preparation free from particles 
of crystal and well supplied with the lubricant. 

The glass laps are exclusively used for the preparation of surfaces on such artificial 
crystals and no grinding or polishing powder is usi^d ; also nothing but brick oil or 
the moisture deposited by breathing on the cold lap is u.sed as lubricant, whichever is 
found most suitable by experience with the particular substance in hand. The surfaces 
are in these cases finished on the plate-glass clear la]), as a rule with only a trace of 
moisture or brick oil on it. Such surfaces, when the crystal is not one of an efflores- 
cing or otherwise deteriorating substance, are usually l)eautifully polished, and section 
plates and prisms pro- 
vided with such surfaces 
can at once be used for 
the pur])oses of measur- 
ing the optical con- 
stants. If the surfaces 
rapidly deteriorate they 
are protected by cement- 
ing over them, with hard 
balsam in ben/.one, mini- 
ature plates of cover- 

glass, which had previ- 
ously been optically 

selected, by reflection 

tests, as truly plane sur- 
faces in the manner 
already described. 

In concluding this 
description of the 
cutting and grinding 
goniometer, it may 
be stated for the 70 c.— Wnlrtng’s (’r>8t)il-grin(linf{ Apparatus, 

benefit of workers 

only with artificial chemical preparations, for whom the cutting a])paratu8 
is unnecessary, that a smaller model of the instrument has also been 
constructed for the author by Messrs. Troughton & Simms, the makers 
of the larger model, without the cutting gear, at a considerably less cost. 
It is shown in Fig. 705. The grinding apparatus and all the rest of the 
instrument is exactly as described in the preceding pages. This is a 
remarkably handy and efl&cient little instrument, and is of the utmost 
utility to the chemical crystallographer. 

The Wiilflng Crystal - grinding Apparatus. — An ingenious little 
apparatus, shown in Fig. 706, for grinding an orientated surface on a 
crystal has been devised by Wiilfing ^ and is constructed by Fucss. 

It consists of a small tripod of which the table a is a thick plate of aluminium, 
^ ZeiUchr. fUr Kryst., 1890, 17, 445 ; Jahrbuchjilr Min., 1902, 2, 1. 
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a somewhat flat isosceles triangle in shape, and cut away in the middle. Two of the 
feet b and c are steel screws, and the third is formed by the crystal itself, cemented to 
a holder d of gun-metal, which is one of four interchangeable holders, of different 
shape at the lower end, the other throe e, /, g being shown in front in P’ig. 706. The 
selected one of the four is fixed in position by the milled nut h, which gears with a 
screw thread cut near the upper end of the holder, the middle cylindrical part of 
which fits in the boring through the table at the angle formed by the two equal sides. 
One of these holders e terminates simply in a flat normal surface, while the other three 
have each two surfaces meeting in an edge and inclined at various angles, d being 10° 
and 60°, / being 20° and 50°, and g being 30° and 40°, in order to facilitate the cement- 
ing of the crystal in the approximately de.sired position with respect to the grinding 
surface. 

A surface is first ground on the crystal approximately to the eye in the desired 
direction, with reference to some well - developed crystal face, and the holder 
d, e, f, or g on which it is mounted is then gri])ped about its broad cylindrical 
end by the fitting k, a stout pincette supported at right angles by a bracket- 
plate carrying a central peg, by which it is next attached to the crystal-adjusting 
apparatus of the Fuoss No. 2a goniometer instead of an ordinary crystal-holder. 
The real angle with the crystal face, and thus the error, is then measured on 
the goniometer. The crystal-holder is then detached from the i)incctto and fitted 
to the tripod, and over the latter is placed a second tripod I provided with a lifting 
loop m, in such a manner as to rest on three .steel supports, the tops of screws, 
two of which are driven through little projections from the two equal sides as at n, 
and the third driven through the middle of the basal side of the triangle. One of these 
screw heads has a flat top, another a conical countersunk central depression, and the 
third a V-groovo, so that this second tripod I may rest on the main tripod table a 
in the approved method for stable three-point contact. 

Two of the logs of this tripod are screws of half a milhmotro pitch with sharp 
conical points and largo milled heads o and p, divided on their flat tops into 12 parts, 
every second of which is numbered to count as 10, so that the circle corresponds 
to 60 divisions. Each of those divided heads rotates almost in contact with a 
vertical scale, q or r, of half millimetres, to measure the number of revolutions of the 
screw. The third log is fixed, after once for all being adjusted to a convenient length, 
and immediately above it on the table top of this second tripod lies a circular spirit- 
level s of 2^ centimetres diameter. This second tripod I is so constructed that each 
complete rotation of either of the graduated screws brings about an inclination of 
1°, the 60 divisions of the screw head thus corresponding to minutes. 

With the help of these calibrated adjusting screws and the spirit-level of the upper 
tripod on the one hand, and the adjusting screws of the lower tripod on the other, 
it is possible with a little thought and a few trials to correct the crystal surface to the 
desired direction. The whole apparatus may be mounted on the ground-glass 
crystal-grinding plate t, fitting over three levelling screws u in the horizontal table 
V of a cast-iron bracket w .screwed to the wall of the room or other rigid vertical 
support. 

When it is not possible to incur the expense of the author’s cutting 
and grinding goniometer, or even of the smaller grinding goniometer, 
which enables the desired surface to be cut or ground and polished 
right away to the degree of accuracy of a very few minutes of arc, this 
inexpensive method of approximations of Wtilfing, or. better still, the 
apparatus described in the next .section, may well be resorted to. 

Crystal-grinding Apparatus of Thomas and Campbell Smith.—An 

apparatus of somewhat similar type, but a very great improvement on that 
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of WUlfing, was described in 1914 to the Mineralogical Society by H. H. 
Thomas and W. Campbell Smith.^ It is shown in Fig, 707. 

The body of the apparatus ® consists of a triangular brass plate B (Fig. 707) sur- 
mounted by a brass cylinder D, which is graduated on its upjwr surface into divisions 



iiu. 707.— Apparatus of Thomas and Campbell Smith for ciittinR Crystal Plates and Prisms, 

representing 6®. This outer cylinder carries inside it another brass tube d, which is 
capable of rotation about a vertical axis; a clamp C enables it to be fixed in any 
position. The centre of the instrument is occupied by a solid gun-metal plunger jP» 
capable of independent vertical movement only, and restrained from rotation by 
a pin p, which fits into a slot cut in the rotating tube d. The bed-plate B of the 

^ Mtneralog. Mag,, 1914, 17, 86. 

* The instrument is constructed by Messrs. James Swift & Son, Ltd., 81 Totten- 
ham Court Road, London, W. 

. VOT. TT “ 
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instrument is traversed vertically by three screws St Si, S^, of ^ mm. pitch, which are 
placed at the apices of an equilateral triangle of which the axis of the instrument 
is the centre. They are rounded at their lower ends, are made of hardened steel* 
and are fitted with nuts W which will screw up and clamp them in any desired position. 
The screw S is provided with a head graduated into six divisions, and reads against 
the index-finger /. The pitch of the screw S and the distance between its axis and the 
line joining the screws Si, S^ have been so adjusted that one complete revolution 
of the screw S will give the instrument a tilt of about the line S^. The graduated 
head, therefore, reads to 5' of arc. 

The lower end of the plunger P is drilled for the reception of a series of chucks 
K, on which the crystals are mounted preparatory to being cut. These chucks have 
been bevelled at various angles ranging at intervals of 10® from 0“ to 90®, but in all 
cases a small surface which is normal to the axis of the instrument has been retained, 
giving a narrow plane between the cut surfaces. Each chuck has an engraved line 
on its side which can bo brought into coincidence with an index engraved on the 
side of the plunger, and there clamped by the screw Gi. The ends of the chucks are 
conical, so that, as the screw Ci works on an inclined surface, the chuck is drawn up 
into the plunger, and a good contact between the chuck and the plunger is thus 
ensured. The zero chuck has its face engraved with a series of parallel lines crossed 
centrally by a single line at right angles. When the index on the cylinder d stands 
at 0®, and the lines on the sides of the chucks are coincident with the index on the 
plunger, the parallel linos on the zero chuck, and the straight edges of the inclined 
chucks, are parallel to the line joining Si, 

By the elevation or depression of the screw S, and the consequent tilting of the 
instrument, the angular value of any of the chucks may bo increased or diminished, 
and thus any intermediate value may be reached. 

The principle underlying the application of the instrument is that a crystal 
mounted on any of the holders may be rotated in two directions at right angles to 
each other, one of the axes of rotation being that of the plunger P, By means of these 
two movements it is possible to bring any desired direction in a suitably mounted 
crystal normal to the grinding surface. 

To Set the Axis of the Instrument Normal to the Grinding Surface. — It will at once 
be seen that in order to cut a plane on a crystal in any definite direction it is necessary 
to commence operations with the instrument in some position of reference, which 
may be termed its zero position. This position is attained when the graduated circle 
around the plunger stands at 0°, bringing the lines and straight edges of the chucks 
parallel to the line Si, S^, and when the vertical axis of the instrument is normal to 
the grinding surface. 

To fulfil the last condition, the usual method employed is that of standing the 
instrument on an accurately levelled surface, placing a spirit-level on the instrument 
and turning the screws S, Si, S^ until horizontality is obtained. This method, however, 
is open to serious objections ; the small size of the spirit-level used on the instrument 
does not conduce to accuracy, and it was found, on trial, that some better method 
must be sought. The method adopted renders the apparatus independent of levels, 
and at the same time affords adjustments of far greater accuracy. 

The instrument is placed on a blackened glass plate. The plunger P is lifted out, 
and its place is taken by a tube Ti of the same diameter, which carries a plate of 
optically flat glass F at its lower end, set normal to the axis of the tube. The tube 
is pushed down the instrument until the optical flat is close to the glass plate on which 
the instrument is standing. The upper end of the tube carries a vertical illuminator 
T, of the usual pattern, fitted with an inclined cover-glass R. 

If light from a signal at a mdderate distance away (say 6 feet) be allowed 
to fall on the cover-glass R, and is reflected down the tube Ti, the observer 
looking down the tube will see two images of the signal; one reflected from the 

0 
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surface of the optical flat and the other from the glass plate on which the 
instrument is standing. By turning the screws 8i, S^ these images may be 
brought into coincidence, and it is then obvious that the axis of the instrument is 
normal to the surface on which the ends of the screws are resting. The proximity 
of the optical flat to the glass plate does away with parallax, for the light forming 
the two images travels practically the same length of path in each case. This method 
is sensitive to 2' of arc. 

To Cut and Polish a Plane Surface. — The crystal is mounted on a chuck by moans 
of a thin film of Canada balsam, or of some other convenient medium, and the chuck 
placed in position in the plunger. In the case of easily cleavable substances it is some- 
times found advisable to cover the crystal after mounting with plaster of Paris, to 
protect the edges while grinding. The instrument is placed on a sheet of plate glass, a 
small quantity of flour emery ^ or finest carborundum is introduced beneath the crystal, 
and moistened with a little water. A drop of oil is placed beneath the end of each 
screw to ensure sraootli running. The instrument is hold in the hand and moved 
about on the grinding-plate so that the crystal describes a small circle within the 
patches of oil in which the screw-legs move. The weight of the plunger is suffleiont 
to keep the crystal in contact with the grinding surface. If carborundum bo used, 
the plane should receive a furtlier grinding on fine emery before it is polished. When 
a sufliciontly large face has been ground, the crystal is cleaned from abrasive material, 
the screws are wiped free from oil, and the instrument is transh'rred to a plate of 
pitch spread with finest washed rouge and water, and moved about as before. A 
brilliant polish may bo obtained by this moans on most crystalline substances. 

The pitch })lato is prepared by pouring well-boiled and strained “ British pitch,” 
which can "be bought by the pound, inside a brass hoop, 10 inches in diameter, and 
i inch high, which rests on a plane iron plate. The iron plate should not bo polished, 
it should be warm to the hand, and moistened with glycerine to prevent the pitch 
adhering. When cold, the pitch, with its enclosing ring, may bo slid, not lifted, off 
the iron plate ; it will be found to have an excellent lower surface. 

For some softer substances, especially calcite, a brilliant pobsh may bo produced 
by the finest washed putty-powder spread on satin tightly stretched over a plane iron 
plate, and this method of polishing N ieol prisms is used by some opticians. Others, 
however, prefer the pitch polisher even for calcite. 

As in this instrument we are only cutting and polishing a small central portion 
of a relatively largo area represented by the triangle S, /Sj, -S'j, the planes so cut and 
polished are exceptionally flat, and take a polish to their extreme edges. 

To Cut a Face Parallel to a given Face. — ^The instrument being set in its zero 
position, the crystal is mounted on the given face on the zero holder. It is then 
ground to a suitable thickness, and polished in the manner described above. Faces 
so cut are accurately plane and vary very little from true parallelism. The only error 
introduced is that entailed in sotting the given face on the holder, which can bo 
reduced to a luinimura by using the thinnest possible film of mounting medium. 

Full details of the mode of use of the apparatus for the preparation of 
surfaces of different orientations, and of the calculations required in the 
course of these processes, are given in the memoir. 

Catting, Grinding, and Polishing Apparatus o! Steeg & Reater.—This 

well-known firm of Homburg, so justly celebrated for its preparation 
of accurately orientated sections of the crystals of naturally occurring 
minerals, and of those of artificial preparations when of some size, for 
the study of optic axial interference figures and other crystallographic 

1 Fine emery, taking at least twenty minutes to settle in water. 
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purposes, constructs excellent crystal-cutting and grinding apparatus, 
with approximate orientation devices, for work on the larger scale. The 
following four illustrations show some of their most useful machines. 

Fig. 708 represents a grinding and polishing apparatus somewhat akin to Wiilfing’s. 

It enables a surface to be ground at 
any desired inclination to cither one or 
two crystal faces, by means of adjust- 
ments with the aid of two graduated 
circles, and is also of tripod form, with 
spirit-level. The arrangement will bo 
clear from the figure. The grinding 
plate is supported on a strong table, 
provided with levelling screws both 
for the tripod itself and for the plate. 
The polishing disc is so arranged that 
silk, felt, or chamois leather can be 
stretched over it by means of a ring 
and tightening screws. The grinding 
laps supplied with the apparatus are 
of iron, ground glass, optician’s wax, 
and pewter. Emery of two finenesses 
for grinding and polishing respectively 
are also supplied, together with tripoli 
powder and polishing rouge, A grind- 
ing apparatus of the nature of a lapidary’s wheel, suitable for larger crystals, is shown 
in Fig. 709. 

In Figs. 710 and 711 are shown hand and foot machines fur both cutting and 
grinding larger crystals. To either may bo fitted a goniometrical orientating and ad- 



FiQ. 700. — Stoeg A Reuter’s Orlmllng Apparatus for Large Crystals. 


justing apparatus for the crystal, although it is actually shown only in Fig. 710 in 
connection with the vertical hand-driven machine ; it enables the crystals to be rotated 
and adjusted in three rectangular directions, the throe movements being graduated. 
A further development of the foot ’»nachine. Fig. 711, has also been brought out by 
the firm for motor driving, electric power being now so universal and highly convenient, 
and is shown in Fig. 712. 
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The construction of all those forms of crystal cutting and grinding ap])aratus will 
bo clear from the figures. The foot and motor-power machines are equally capable 
of preparing the thin sections of crystalline rocks for microscopic investigation, or 
the sections or 00'’-pri8m8 of mineral or other crystals for more purely crystallographic 
purposes. Perhaps the instrument for foot driving shown in Fig. 711 combines tho 
greater number of advantages for the latter purjK>st‘s, with which this book is more 
particularly concerned. The cutting disc is at d, and the grimling lap in a protective 
well at M. Tho feeding gear, to which the orientating a]>paratus shown in front 
in Fig. 710 may be attached instead of the simpler one actually shown, is indicated 
by tho letters b and c, the latter .showing tho weighted lever by wliich the pressure of 
the crystal against the cutting disc (which must rotate downwards in front) can 



Fid. 710.— Steeg k llciiter'.s llan<l-cu(liiir» anil (iriiuliiiB .apparatus with 
Uonioiiictrical Adjustment. 

be modified. A surface is first ground on the crystal, as ajiproximately correct in 
direction as is attainable by the eye, with tlu* aid of the grinding lap m, which should 
bo rotated from left to right, and moist emery. 'I’lie crystal is then cemented by this 
surface with shellac on to the disc a, both disc and crystal as well as the shellac being 
warmed to the necessary extent to melt the latter. If the crystal will not withstand 
this temperature, however, hard balsam in benzene must be used as cement, and then 
an interval of a day or two allowed to intervene for pnqier hardening to occur. The 
disc a is subsequently fitted by its jicrpondicular handle in the crystal-holder, an 
elbow from b or tho alternative one of the orientation -fitting shown in Fig. 710, this 
latter fitting enabling tho correct orientation of the crystal to be attained. The feed 
apparatus to which tho crystal -holder is attai^^ied is then adjusted for the projier 
desired thickness of section, the weight c arrangtjd to afford a convenient pressure, 
and cutting proceeded with, the cutting di.se being properly fed with moist emery 
during the process, the receptacle at the bottom of the protecting screen h containing 
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a supply for the purpose, which is applied to the disc from time to time by means 
of a spoon provided. A set of six cutting discs is provided, throe of which are 
diamond-fed for use with hard crystals, and three for use with emery alone when 
softer crystals are in hand. The usual varieties of laps are also provided, including 
one or two of glass, more or less ground. The arrangement shown at n is for the 
gripping of larger crystals or pieces of rock. After cutting off the end of the crystal, 
leaving the section cemented to the glass plate, the cut surface is ground and polished 
on m, the section removed by wanning or dissolving the cement with a solvent, re- 



ceraented by the newly 
polished second surface, 
and the first surface then 
rcground and polished 
truly parallel to the 
second, surface. The 
section is then finally 
warmed or dissolved off 
the disc a and mounted 
on a glass plate or other- 
wise in whatever manner 
is most convenient for 
the purpose in view. 

In the motor-power 
machine, Fig. 712, the 
mandril iS of the cutter, 
the splash -guard F, the 
grinding lap T with its 
guard B, and the appar- 
atus for the support of 
the crystal P, arc mutu- 
ally adjustable with 
respect to each other. 
The crystal- holding 
apjjaratus DD'K shown 
in the figure is chiefly 
intended for large crys- 
tals or rock pieces, and 
when smaller crystals 
are being dealt with it 
is replaced by the orient- 
ating apparatus shown 


Fiq. 711. — SteoK & neuter’s Foot Machine for Crystal 
Cutting and Grinding. 


ill Fig. 710, which is 
attached by the two 
screws G to the same 


feed-apparatus P, the details of which are shown in the inset PP' beneath the table. 
The movement is one of sliding of a grooved carrier over four rollers fitting the grooves. 


the adjustable angle-brackets V serving to direct the movement accurately. 


The Nature ot the Processes of Grinding and Polishing.— A number 
of interesting facts have been established with regard to what occurs 
during the processes of grinding and polishing the surfaces of solid 
substances, of either vitreous or crystalline character.^ 

1 Lord Rayleigh’s Lecture to the Optical Convention of 1905, and two papers by 
J. W. EVench, Scientific Adviser to Messrs. Barr & Stroud, Trans. Opt. Soc., 1916 
and 1917, give much information. , 
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Glass. — In the case of glass the oonchoidal fracture and vitreous- 
amorphous nature exert a dominating influence in determining the char- 
acter of the process, rendering it different from the cases of crystals and 
crystalline metals. A scratch on glass consists of an irregular band of 
conchoidal cavities of considerable width compared with their depth. 
Such ordinary scratches on glass, or “ cuts ” as they are technically 
termed, are quite different from the “sleeks,” or scratches with well- 
defined edges, which are revealed only in the polished surface (the surface- 



FiQ. 712.— Steeg Reuter’s Motor-driven Crystal Cutting and Grinding Machine. 


flow-layer, often called jS-glass to distinguish it from ordinary or a-glass) 
of glass by light etching with hydrofluoric acid. 

There are three operations in the preparation of glass surfaces, namely, 
grinding, smoothing, and polishing. In grinding glass, water is used as 
lubricant, arid a succession of abrasives i (oi) carborundum that has passed 
through a sieve of 80 meshes to the inch, or coarse emery, or Fontainebleau 
sand, then (h) emery that has passed through 160 meshes per inch, and 
subsequently (c) emery that has not settled in water during forty minute^. 
The operation c may be considered as that of smoothing. For on examin- 
ing by oblique^reflection the surface, smoothed as far as possible with the 
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finest varieties of the abrasive c, some light is generally found to be reflected 
as if polishing had commenced. It is then surprisingly easy to increase 
this reflected light and to produce an undoubted polish by the mechanical 
force of rubbing, say with a piece of wood or even the finger nail, the 
cohesion of the surface glass molecules being overcome and their re- 
arrangement in a continuous reflecting surface effected. Something akin 
to liquefaction occurs, as in the fire-glazing of porcelain by thermal 
agitation of the molecules. The tool employed in grinding and smoothing 
is of coarse-grained cast iron, and is either a flat-surface tool or a grinding 
wheel. Abrasion is quantitatively jiroportional to the load on the tool 
and to the speed of its motion. 

The tool generally em])loyed for the polishing of glass is a metal plate 
carrying a flat layer of pitch impregnated with rouge (fine ferric oxide, 
FcgOg). When this polisher is in use the surface of the glass becomes 
affected as if by liquefaction, to a depth of 1-4000 to 1 -5000th of an inch 
(about l-200th millimetre), and the “ liquefied ” material is removed. 
The action of the jiolishing tool disturbs the surface molecules to such 
an extent as to overcome cohesion, and thus permits their rearrangement 
as a continuous layer. There should be a change of angle in the motion 
of the polishing tool every few seconds. As the process of polishing 
proceeds, more and more glass is removed in this manner, until a perfectly 
polished surface is produced, by the removal of material below the bottoms 
of the hollows formed during the earlier smoothing process. Hence the 
importance of not producing any hollows of unusual depth in that earlier 
process. A pitch polisher produces a more perfect and optically truer 
surface than a cloth polisher, because it only touches the tops of the ridges 
around the hollows, whereas the cloth polisher works and j)olishes down 
into them. A polished surface is thus obtained sooner by a cloth polisher, 
but it is not so truly plane. If we go on with the pitch polisher until all 
mattness is removed, we get a wonderfully true surface. 

There is no evidence of hollows or pits in the original a-glass being 
filled in or covered over. The investigations of the late Lord Rayleigh are 
conclusive on this point. He states : “ I never saw anything to suggest 
that pits are filled up and covered over, and my impression is that no 
material once removed is deposited again, and that the ])rocess of polishing 
has to be continued until all the glass is woni down to the level of the lowest 
pits.” He also considers that polishing is not merely the removal of 
material, but also a means of producing a surface flow, the two factors 
combining together to produce the desired effect of a polished transparent 
surface. There must, however, be a sufficient aim at removal to ensure 
reaching the bottom of the pits, otherwise some greyness and lack of 
perfect polish will be apparent. 

The j8-surface layer has a depth of about eight wave-lengths of red 
light ; this is 8-40,000ths or l-5000th inch (1 -200th millimetre), as above 
stated. The “sleek” grooves revealed by hydrofluoric acid in the 
polished surface are about this depth. Optical plate glass, in polishing by 
hand with rouge and pitch, loses on the average 1 -10,000th inch per hour, 
due to both surface flow and loss of material occurring together. The 
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finest rouge is composed of particles of the dimensions of two or three 
red wave-lengths. The rouge may be replaced by manganese dioxide, 
MnOg, or by stannic oxide, SnOg, putty powder, and the former often 
proves superior to rouge. Polishing a glass surface does not harden it, 
as in the case of crystals and metals, but slightly softens it. 

Hilger has perfected a remarkable method of cementing two oj)tically 
truly plane glass surfaces, by placing them in optical contact, and then 
heating them to about lOO'^ C. lower than the softening temperature of 
the glass. The explanation of this practical fact of glass fusion without 
apparent softening is, that although the visible portion of the glass, the 
a-glass, docs not soften, the j3-layer does actually suffer softening and is 
deformable at this somewhat lower temperature, and the actual w’elding 
occurs between the two j3-layers in contact. 

Crystals.— The preparation (grinding, smoothing, and polisliing) of sur- 
faces on crystals is essentially similar to that described for glass surfaces, 
with the following important differentiations : that there is no conchoidal 
fracture as a rule to cause surface cracking, chipping, and flaking ; that 
great care has to be taken with crystals subject to ready cleavage ; ami 
that the tools, abrasives, and yiolishers must be suited to the hardness 
of the particular crystallised substance. The lubricant also requires to 
be chosen with reference to the solubility of the crystal substance. With 
crystals soluble in water, which are usually relatively soft, “ brick oil ’’ 
is used, as already described, and no grinding or polishing ])owder is used. 
In some cases, as explained on jiages 940 and 943, a trace of moisture 
(obtained by breathing on the laj)) is found to be effective in polishing 
a slightly soluble substance. As crystals are usually small objects the 
tool is a revolving lap (a flat disc), as explained in the ])reeeding })ages, 
and its material may be either metal (cast iron, hard white metal, bronze, 
copper, or pewter) or glass— ground glass for grinding, and polished glass 
or excessively finely ground glass for jiolishing. Wood (boxwood being 
particularly suitable), either alone or faced with broadcloth or chamois 
leather, and pitch, may also be used for polishing, the particular tool- 
material being chosen to suit the crystal and its hardness. For the 
relatively soft crystals of artificial chemically prepared substances the 
author always uses the glass laps, as described earlier in this chapter. 
At the one extreme (maximum) of hardness as regards crystals we have 
the diamond, of hardness 10, which can only be ground and polished 
with the aid of its own powder and dust, specimens and fragments un- 
suitable for gemstones being obtainable relatively cheajfly and serving 
as well as perfect sjiecirnens for smashing up in a steel mortar. At the 
other extreme (minimum) of hardness as regards natural (rystals we 
have gypsum (selenite), CaS 04 . 21120 , of hardness 2, and the highly 
important calcite, Iceland spar, CaCOg, of hardness 3, for the polishing 
of which satin or chamois leather of the softest and finest character, 
scrupulously free from grit or hard points, has usually to be employed. 
In the hands of a skilled expert, however, the pitch polisher is capable 
of excellent results even with calcite, and is preferred for the purpose 
by one of the best firnrs of optical instrument makers in this country. 
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Some very interesting facts have been observed by Sir George fieilby 
as regards calcite, and described by him in his 1911 lecture to the 
Institute of Metals, which are worth further notice. 

Suitable specimens of calcite cleavage rhombs readily split into plates 
of uniform thickness, parts of the surfaces of which possess a very perfect 
natural polish. If a face of this description be gently polished in one 
direction with a piece of clean chamois leather the surface remains to 
all appearance unchanged, even under the microscope. But if a drop of 
very dilute hydrochloric acid be left on the surface for a minute and 
then washed off, a well-defined pit marks the spot where the acid has 
rested ; this pit has clearly marked edges, and its floor is covered with a 
multitude of flow-lines or scratches in the direction in which the polishing 
with the leather had occurred. The soft fibres of the leather under the 
slight pressure of one finger have penetrated below the surface, and left 
the tangible records of their passage through the surface layer. The 
complete obliteration of these records by an apparently undisturbed 
surface layer is surprising. As the result of step by step etching and 
careful measurement of the results, it was established that the mechanical 
disturbance caused by the polishing had penetrated to a depth of 500-1000 
fifi (about a thousandth to a two-thousandth of a millimetre), at which 
depth the disturbance consisted mainly of the deeper furrows. The 
polishing had so completely flowed the crystal surface, however, that even 
these furrows had been healed over, so that no trace of them was apparent 
before the etching. As the surface was a[)pioached the furrows of shal- 
lower character became fewer, until at a depth of only 100 fifM (one ten- 
thousandth of a millimetre) furrows of this depth only were practically 
absent, the flow-lines observed in the polishing of metals being alone 
revealed by the etching. In the surface layer extending no deeper than 
60-100 /x/i (one twenty-thousandth to a ten-thousandth of a millimetre) 
there was no trace of broken-up crystalline material, and the appearance 
was absolutely homogeneous and vitreous, like a coating of varnish or 
enamel. Tested with a loaded needle the surface was found to be harder 
and more tenacious than the original crystal surface. Thus after a surface 
skin is developed by polishing, it is able to resist the cutting action of 
powders by which the surface had been satisfactorily ground at an earlier 
stage. All the evidence points to the fact that liquid-like flow occurs 
for a depth of 500-1000 fifx, and that the substance which results from 
the solidification of this liquid is in a vitreous amorphous state. 

Metals. — As regards the grinding and polishing of metals, the case is 
more complicated, as we are now dealing not with an individual crystal 
but with a congeries of crystals, interlacing with one another and situated 
mutually anyhow with respect to each other ; or else the structure is an 
arrangement of closely packed grains, in each of which the crystals are 
parallelwise disposed, while adjacent grains are orientated anyhow with 
respect to each other and to the axes of the crystals which they contain 
(see Fig. 713, page 956). IndIbed most metals as industrially produced 
consist of such grain aggregates. The crystalline system of the metal is 
usually either cubic, hexagonal, or trigonal ; by exception tin is tetragonal 
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(ordinary white tin ; the rarer form of tin known as grey tin is cubic, as 
shown on page 694). As in any one grain the crystals lie with their 
axes parallel, each grain is crystallographically homogeneous. As regards 
its position with respect to its neighbours, however, with which it is in 
close contact all over its irregular bounding surface, the arrangement is 
non-homogeneous, promiscuous, with respect to the crystal axes. 

In annealed and cast metals the grains are roughly equal in their 
directional dimensions, and their external shapes are approximately 
polyhedral rather than spherical, owing to the contact with their surround- 
ing neighbours. The size of the grains is roughly of the same order, but 
grain growth can and does occur on heating the metal for a more or less 
prolonged time, the grains coalescing and the larger absorbing the smaller. 
The growth appears to occur in the amorphous film which forms the 
contact surface of a grain with its neighbours, this film re-forming continu- 
ally out of the smaller grain and handing on its material to the larger, 
by recrystallisation conformably with the crystals in the larger grain. 
For instance, Jeffries (as stated in his 1918 lecture to the Institute of 
Metals) found that a sample of iron, heated to 850° C. for one hour, after- 
wards exhibited 318 grains per square millimetre. After a similar heating 
for ten hours there were but 70 grains in this area, and after a week of 
such heating the whole square millimetre area was occupied by only two 
and a half grains. The melting point of iron is about 1700° C. absolute, 
and its lowest recrystallisation temperature is 750° absolute. When a 
metal is mechanically worked below its annealing temperature the grains 
are distorted to the extent which is comparable to the distortion of the 
piece of metal itself, and they are then what is known as “ strain- 
hardened.*' When a strain-hardened metal is heated above a certain 
temperature the grains recrystallise normally, that is more or less equiaxed, 
again. But when the heating is continued just above this recrystallisation 
temperature the grains grow in size in the manner above described. 

It has been shown by D. K. Tchernoff ^ that the mass of a steel ingot 
is made up of crystallites similar to those found in cavities, and illustrated 
in Fig. 15 on page 28. When the 8Up[)ly of molten iron is constant, 
however, the spaces between the axial bars become filled up, the external 
form of the crystallite disappears, and the whole becomes a grain, which 
now continues to grow about the same axial directions, as a single crystal 
of the metal, until arrested by coming into contact with neighbouring 
similarly formed grains, in which, however, the axial directions are in 
general different. It is thus that the grain structure of metals comes 
about. Crystallites first form at the cooling surface of the molten iron 
or steel (or other metal), whether it be the air surface or the sides of the 
mould, and they usually grow perpendicularly to the surface into the 
liquid interior. If cooling be fairly rapid crystallites then begin to form 
in the interior, at numerous different centres, and eventually produce the 
crystal grains as just described, and as shown diagrammatically in Fig. 
713, their boundaries being produced ’by the mutual interference of 
neighbouring grain-crystallites. Each grain is thus an “ allotrimorphic ” 
^ * Revue UniveraeUe dea Minea, 1880 , 7, 129 . 
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crystal, that is, one having an external form determined by the inter- 
ference of neighbburing crystals. 

The crystal-orientation in the different grains is usually revealed by 
the etching of a polished surface of the metal with an acid ; it is also 
afforded by the polarisation of the light 
reflected from a polished surface, in the 
case of metals such as zinc, antimony, and 
bismuth, which do not crystallise in the 
cubic system. Zinc crystallises in the holo- 
hedral class of the hexagonal system, and 
antimony and bismuth in the ditrigonal 
scalenohedral class of the trigonal system. 

Uniform growth of crystals from in- 
numerable centres in a mass of molten 
metal often results in grains being formed 
of roughly dodecahedral shape. The inter- 
granular bounding surface films, or cell 
walls, are thin, probably less than ten 
molecules thick. For Brillouin has found that crystal molecules or 
polymolecular groups can certainly exert an influence on one another at 
five molecules distance, and possibly up to eight or ten molecular dis- 
tances ; so that the crystals cease to grow when they reach this proximity 
to each other, leaving intervening connecting films of the metal still 
uncrystallised. It is probably these films or cell-walls which enable the 
grains to move about each other, when the metal is subject to mechanical 
working at different temperatures. 

It is a curious fact that metals grown from the molten state very rarely 
form single individual crystals with perfect exterior form, exhibiting the 
crystal faces characteristic of the system and class of symmetry. They 
vastly prefer to produce the skeletal, arborescent, or other dentritic 
crystallite-forms, probably because they begin to crystallise in the labile 
condition of superfusion. Good crystals for crystallographic investigation 
are, therefore, very difficult to obtain in the case of metals, and they have 
generally to be specially prepared by sublimation in vacua, or by slow 
electrolytic deposition under specially favourable circumstances. 

It is necessary that these interesting facts about metals should be 
appreciated, in order that the processes of the grinding and polishing of 
metals may be rightly understood. The machines shown in Figs. 71 1 
and 712, with grinding lap in a sunken well, aTe very suitable for the 
grinding and polishing of sections for metallographic photo-micrographic 
purposes, using the abrasive already mentioned. The polishing materials 
used are rouge, the finest alumina, stannic oxide, and chromium oxide, 
and the lap may be covered first with the finest emery cloth and subse- 
quently with carefully selected chamois leather or “ selvyt ” cloth, 
stretched tightly over the lap by means of the usual encircling hoop 
and binding screws. • 

When the surface of a piece of metal is scratched, as by the tool in 
turning on the lathe or in grinding with emery or other abrasives, each 
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scratch consists of a groove which is deep compared with its width. It 
is the result of the tearing away of masses of crystals or crystal grains, 
and also of the “ swaging ” of the material. When such a scratched 
metallic surface is polished with the burnisher, or with rouge or any of 
the other polishing powders mentioned, the grooves become covered 
over with a continuous surface or “ flow-layer,” and disappear. If the 
surface be removed by acid etching the grooves reappear. According 
to Sir George Beilby {loc. cit.) the cohe.sion of the surface flow-layer 
is so considerable that comparatively large areas can be thus bridged 
over, without the groove becoming first filled uj) with any su])])orting 
debris. The force exercised in the rubbing of the surface by the 
polisher overcomes the cohesive and crystallograjihic forces, which 
normally bind the molecules together, and ])roduces a continuous 
reflecting surface by the uniform rearrangement of the molecules in the 
surface skin, with the aid of the surface teiLsion forces. The irregularities 
in this highly reflective polished surface arc often less than a wave-length 
of red light, thus essentially differing from those of the original surface 
before the polishing, which were very great compared with a wave-length 
of light and therefore caused scattering of the light 

An interesting account of experiments on “ Crystal Growth and 
Kecrystallisation in Metals,” by Prof. H. C. H Carpenter and Miss C. F. 
Elam, w'as communicated to the Institute of Metals at th(‘ir Autumn 
Meeting at Barrow-in-Furness, 1920, and is jmblished in Naivre of Nov. 
4, 1920, vol. cvi. p 312, They indicate the im})ortance of distinguishing 
clearly between “ crystal growth ” and “ recrystallisation,” the latter 
meaning complete re-orientation of a crystal or a group of (crystals, 
starting from new centres, while the former refers only to a rearrange- 
ment by which certain crystals increase in size at the expense of the 
material of others. They show that cutting filing, and even grinding 
on the finer emery ])apcrs often bring about spontaneous recrystallisation 
of the surface layer of a metal, which can only be removed by polishing 
and etching. With an alloy of tin with 1 -5 per cent, of antimony they 
have been able to study experimentally the stages of crystal growth. 
By alternately immersing the specimen in ammonium sulphide solution, 
and rubbing it on selvyt or chamois leather with magnesia moistened with 
ammonium sulphide, a very beautiful surface was obtained, the separate 
crystals or crystal grains being clearly demarcated, and the various stages 
of the growth of crystal grains after heating to 150-200° C. for definite 
intervals of time were indicated by clear boundary lines. It was also 
possible to distinguish between the crystal growing and the crystal being 
grown into. They have established (1) that crystal growth always takes 
place by gradual boundary migration and not by coalescence ; (2) 
growth may occur either of a large crystal into a small one, or of a small 
into a large one ; (3) a crystal which is itself being invaded by one crystal 
may simultaneously grow at the expense of another ; (4) the rate of growth 
is not constant for any given time at a particular temperature ; (5) all 
available evidence indicates that the crystals of castings do not grow 
after their first formation ; (6) the largest crystab are formed by annealing 
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at a relatively high temperature; (7) growth and recrystallisation can 
be induced by work. The true cause of crystal growth, and of recrystallisa- 
tion followed by crystal growth, is finally considered to be plastic deforma- 
tion followed by heat. As regards the viscosity of metals, the salient 
facts are given on page 654. 

The subject of the crystallisation of metals has given rise to much 
discussion and some controversy. The controversial questions, however, 
may be left for further experimental work to decide. What has been 
stated in the foregoing account represents the facts which have definitely 
been settled by direct experiment. 



CHAPTER XLIV 

THE PRODUCTION OF MONOC'HROMATK^ LIGHT 

The most satisfactory source of monochromatic light for practical crystal- 
lographic purposes is the continuous spectrum itself, filtered through 
a selecting slit, of fine opening, which permits a band of not more than 
a two-hundredth part, and preferably only a three-hundredth part, of 
the visible spectrum to escape. It should be jmiduced from a powerful 
origin, best of all from the electric arc, by means of a single refract- 
ing prism, a grating affording insufficient light. Tlie two refracting 
surfaces of the prism should be truly plane, and the prism itself of 
highly refractive and dispersive glass, but perfectly colourless so as to 
transmit the violet end of the spectrum without absorption. The 
objectives and optical tubes should also be of wide a])erture, in order to 
transmit as much light as possible, which permits of the desirable 
narrowing of the exit slit. 

A form of apparatus which admirably fulfils these conditions has 
been in use by the author since the year 1893, and was described to 
the Royal Society in February 1894.^ It is shown in Fig. 714, and 
also in Fig. 715 in actual use with the electric lantern as source of light, 
to illuminate the polariscopical goniometer in a determination of the 
optic axial angle of a crystal. 

It is essentially a very compact spectroscope, constructed to transmit as much light 
08 possible. The two optical tubes a and b (see Fig. 715 for letters) are exactly alike, 
each carrying an adjustable slit c at one end and an achromatic lens d of nine inches 
focal length and two inches diameter at the other, the former being carried in an inner 
draw-tube so that the slit may be accurately adjusted to the focus of the objective by 
means of a rack and pinion c which effects the movement of the draw -tube. The pair of 
lenses forming each objective are separated by an air-film or narrow cell, in order to 
minimise the passage of heat rays. Either optical tube may be used as telescope and 
the other as collimator. That which is chosen as collimator (a in Fig. 716) is complete as 
already described. The other b chosen for use as the telescope is at once converted into 
such by screwing on to a tapped annulus, which is carried by both tubes in front of the 
slit, a cap / (lying on the base in Fig. 716) carrying a short tube in which slides an eye- 
piece. Three interchangeable eyepieces are provided (the two others being g and h), 
magnifying respectively two {g), four (/), and six (A) diameters. When one of the 
optical tubes is left in its simple condition, and the other is fitted with one of these 


1 Fhil. Trans., 1896, A, 186, 913. 
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eyepieces, the two tubes are precisely those of an ordinary, although very compact 
And atout-tubed, apectroacope. The inatrument ia, in fact, uaed as such — with its 
collimator slit nearly closed but the telescope slit in front of the eyepiece opened wide, 
serving merely as a diaphragm aperture — ^for observing the Fraunhofer lines and 
employing them (with the telescope slit narrowed dowrt again) for the purpose of the 
calibration of the instrument for the delivery of light of a number of definite wave- 
lengths, or for the observation of the bright linos of sodium, lithium, thallium, hydrogen, 
mercury, cadmium, neon, or helium, for the like purpose. The two optical tubes 
are carried in a similar manner on counterpoised arms i, adjustable and capable of 
fixation by millcd-headed clamping screws j at any relative positions about the circle k. 

The prism I (smployed on this instrument is a largo one of 60" angle in order to 
receive all the light emanating from the objective of the collimator, the refracting 



Fiq. 714. — The Spectroscopic Monochromatic Illuminator. 


faces being 4^ by 2^ inches. This fine prism has also the exceptional double advantage 
of affording unusually largo dispersion, nearly twice that of ordinary flint glass, while 
being perfectly colourless and unabsoi-ptive. A Hilger constant -deviation prism may 
be used instead, however, although exjxirionce shows that it does not transmit as much 
light as the author’s prism, nor does it yield as much dispersion ; also, it is not so 
free from colour and absor[)tivo effect. It is, however, a very convenient form of prism, 
41ie deflection being uniformly 90", and for most purposes it servos quite well. When a 
Hilger drum calibrated directly in wave-lengths is used in connection with it the arrange- 
ment, shown later in this chapter in Fig. 716, is particularly convenient. As Messrs. 
Chance have hitherto been unable quite to reproduce the glass of the author’s prism, a 
Hilger constant-deviation prism, with calibration dnim, may be recommended as the 
next best substitute, and the instrument as thus constructed is now furnished by 
Hilger. The glass from which the author’s prism was cut was one-half of a block 
prepared by Messrs. Chance for the 'late Sir William Huggins, for the purpose of a 
prism for his star-spectroscope, the desiderata being the same as for the author’s 
spectroscopic illuminator. By the kindness of Sir William Huggins, there being ample 
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glass for two largo prisms, the author’s prism was cut from one half, and the star- 
spectroscope prism from the other half. 

The prism I is mounted on a rotating divided circle k, reading directly to half- 
degrees, and to single minutes with the aid of the vernier m attached to the fixed table 
k\ It is provided with a fine adjustment n extending for 7“, which is just ample to 
enable the whole spectrum to be traversed past the exit slit (that of the tube used as 
telescope, the eyepiece being removed and the slit closed down to the same fine 
opening as that of the collimator). When the Hilger drum is employed, it simply 
replaces this fine adjustment, which is readily detachable, the screw and spring-piston 
portion being attached to the fixed circular plate k', and the projection moved by the 
screw and held between it and the piston being part of an attacliment to the circle k^ 
both attachments being by a pair of milled-headed screws, o in the case of the lower 
one, the vernier plate or circle in each case being gripped by a bracket through which the 
screws pass. 

When in use for the purpose of producing monochromatic light the eyepiece and 
its screw-cap attachment are removed from the telescope, and replaced by an annulus 
bearing a similar screw thread and carrying at right angles a horizontal rod p of 
square section, over which fits a little slider carrying above a wide but very short 
tube q in which in turn slides the carrying frame of a ground-glass plate. Two such 
interchangeable plates are provided of different finenesses of ground surface, ready 
mounted in their own annular carrier-frames ; one is shown resting on the base against 
the tripod at r. The finer is preferable for use when refractive indices are being 
determined, and the coarser when optic axial angles are being measured. The use of 
this ground-glass screen is to diffuse slightly the linear beam of monochromatic light 
streaming through the exit slit, the beam being the narrower the finer the slit and 
more perfect the monochromatism. After such diffusion the light is capable of evenly 
filling the field of any optical instrument, such as a refractometer or polariscope, which 
is brought in front of the ground-glass screen, when the slit of the collimator is 
illuminated by the converging beam of brilliant light from the condenser of the electric 
lantern. 

It is found with such an arrangement — the two optical tubes being fixed at the 
suitable angle found by experiment, and the prism free to rotate — that there is a 
particular angle of sotting of the two optical tubes with respect to each other and the 
prism, near but not i^uite that for minimum deviation for any ray of the visible 
spectrum (a wave-length in the ultra-violet being really set for minimum deviation), 
at which, by rotation of the prism, the whole of the visible spectrum may be caused to 
pass the exit slit of the second optical tube. Both optical tubes are clamped when 
this position is found, and remain always afterwards fixed. The prism is also clamped 
to the circle by moans of the milled-headed screw working through the top of a 
bracket fixed to the circle plate, most of the pressure being taken up by a throe-armed 
convex plate lying on the prism to protect it from the screw. If the Hilger constant 
deviation prism bo used, the optical tubes are fixed at 90® once for all. 

Any stray white light, or coloured light of other than the desired wave-length, due 
to internal reflections from the glass or inner tube surfaces, may be cut off completely 
by introducing a screen of either ruby-red, signal-green, or cobalt glass, or a combina- 
tion of these two latter glasses, between the exit slit and the ground -glass screen. A 
couple of rotatable discs s, each furnished with four circular windows arranged like a 
quatrefoil, three of which contain those coloured glasses while the fourth in each case 
is loft an open aperture, are supported in a dovetailed fitting above the slit box ; the 
bevelled bracket carrying the axle on which the discs rotate and which slides in the 
dovetail is so arranged that when pushed home the discs are suspended so that any 
window may be brought by rotation of the disc exactly in front of the slit, with the 
centre of the window in the optical axis. The two discs are each separately rotatable 
about their common axis carried by the bracket. Hence, either the two blank windows 
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can bo brought opposite to the slit, when the monochromatic light streaming from the 
latter goes through unaffected, or any one glass window, or any combination of two 
differently coloured glass windows, may be arrango<l in the ])ath of the emerging 
rays, and be thus used as light filters. This accessory proves very useful in the case of 
the investigation of crystals showing gn'at change of o]»tic axial angle with different 
wave-length of the illuminating light ; for the prtvi*nce of stray whitt' light blurs the 
sharpness of the interference figun^s, and in extreme eases destroys the figures 
altogether or renders them useless for measimunent ]mr^»os(*s. The accessory is not 
rcquin*d for the middle part of the siicctrum about the yellow, nor is it at all nccoasary 
when the instrument is being used as illuminator of the 8|>ectromoter-goniometer 
during the determination of refractive indices. 

On the base-board of the instrument as seen in Figs. 714 and 715, several accessories 
are shown, beside-s the eyejiieces and the second ground -glass screen already alluded 
to. One is an adjustable mirror (/ in Fig. 715), carried by an annulus gearing with 
the screw thread on the tapped circular rim in front of the slit f»f either o])tical tube. 
This enables sunlight to be directed on the entrance slit when desired, from a heliostat 
or otherwise. There is also a velvet-covered shade (shown in Fig. 714) for the prism 
and the objective ends of the o]>tical tubes, which enables the a^qiaratus to be used in 
daylight as well as m a darkened room. A circular screen is also shown at a in Fig. 
715 and indicated in dotted lines in Fig. 714, near the exit end of the second optical 
tube. This is a wire fitting covered with radial folds of dark green silk cloth, and 
serves to screen off any stray lantern rays from the observer’s eye A similar screen 
is usually also fitted near the entrance slit end of the first optical tube, ns indicatc'd by 
the dotted ellipse in Fig. 715, in order to prevent such rays getting directly at the 
prism or second objective. Another little accessory shown on t he base in Fig. 714 is an 
elongated, rectangular, bevelled-cdged, ground-glass jilato, the same size as the jaws 
of the slit. Its purpose is to act as a screen for the reception cviid direct insjiection 
of the spectrum, the slit-jaws being removable by unfastening a simple locking device 
and sliding them out, when the bevelled glass slip can be pushed into the dovetailed 
recess, thus left, instead. 

Calibration of the Instrument for the Exit of Monochromatic Light of Bpeoifio 
Wave-lengths. — To calibrate this illuminator so as to know what divisions of the 
circle iiorrespond to the issue of light of known wave-lengths, the entrance slit is 
illuminated by sunlight reflected from the mirror fitting, the slit living closed down to 
a very fine line by means of the adjusting screw, whi< h moves each jaw indejicndontly 
and oppositely, so as to maintain the centre of the slit constant. The middle jiowor 
eyepiece/ IS fitted to the other optical tube irustead of the ground-gla.ss diffuser, and the 
Fraunhofer lines examined as in an onlmary spectroscojic, at first with the exit slit 
opened wide to reveal a considerable portion of the six'ctrurn, but subsequently closed 
down for the placing of any Fraunhofer line to its centre. 

The opening of the exit sht may be so narrow that when focussed by the eye- 
piece the two jaw edges appear only .slightly further apart than is necessary to jierrait 
the two sodium D-lines to be seen between them, the jaws serving as a couple of spider- 
lines ; the D-lines (or any other line adjusted) appear parallel and symmetrically 
placed between them. If the optical tubes have not yet been fixed in their proper 
positions, they are arranged at first in the usual well-known way for minimum 
deviation of the middle part of the spectrum. The jaws of the exit slit may be 
removed altogether if desired, so as to obtain a full aperture during this review of the 
spectrum, for the locking device referred to enables removal to be accomplished 
without deranging their adjustment when replaced again. Moreover, even if not 
removed, as the fine adjustment of the slit is arranged to move both jaws equally, any 
spectrum lino adjusted between them remains approximately so when their opening is 
varied, even to the extent of full aperture. 

The telescope is then moved so as to pass through the spectrum from red to blue 
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and as far as a position at which the last traces of visible spectrum have just dis- 
appeared ; it is then fixed there and the collimator likewise fixed, a wave-length in 
the ultra-violet being thus set for minimum deviation. On rotation of the prism and 
its circle in either direction the whole of the colours of the spectrum in succession 
will move past the vertical diameter of the field. That one of the two directions is 
then chosen, for which the greater loss of light by reflection from the receiving surface 
of the prism occurs for the red end, as the illuminating powers of the different parts of 
the spectrum are then more nearly equalised. The entrance slit being set to a very 
fine opening as above mentioned, the definition of the Fraunhofer lines is still excellent 
when focussed by the rack and pinion of the telescope. The fine adjustment for the 
divided circle is then set so as completely to carry out this movement of the whole 
spectrum, about T, past the centre of the field. 

• The exit slit-jaws are next replaced, or if they had been simply opened wide they 
are closed up to the -fine opening already specified, through which when the prism circle 
is rotated to the right position the two solar D-lines may both just be soon clearly 
focussed between the two jaw-edges. The reading of the circle is then recorded. 
This reading should afterwards be confirmed for the bright sodium lines by means of 
a sodium flame. The prism circle should then be rotated and other prominent solar 
lines adjusted and their circle readings recorded. The readings for the red, greenish- 
blue, and violet hydrogen lines Ha, Ufi, and Hy, at (!, F, and near G of the solar 
spectrum will bo included among those, and they should next bo confirmed by moans 
of the bright lines afforded by a hydrogen Geissler tube. It is advisable also to 
determine the readings for the red, green, and blue hnos of cadmium and for the 
green line of mercury, with the aid of Geissler tubes or the cadmium-vapour arc lamp 
or mercury-vapour lamp (see pages 971-973), as those rays are now much used 
in optical work. Similar readings should also bo taken for the red lithium lino 
and the green thallium line, when flames coloured by the salts of these two metals 
are produced just as for sodium light. Moreover, from time to time it is well to 
check the readings of the circle fqr the issue of the three metallic lines from the 
centre of the exit slit, certainly always before any original investigation is under- 
taken. For this purpose the author has always at hand a mahogany box (shown to 
the left in Fig. 634, page 856), lined and pyramidally terminated above (as a chimney) 
with tinned iron, and furnished with a largo glass window which can bo placed 
opposite the entrance slit of the illuminator, with a door at the back, and with 
a perforated base raised a couple of inches so as to admit air freely beneath. 
A Bunsen lamp is placed within, the gas-tube connection being passed through one 
of the basal perforations, and a set of three stout platinum wires terminated by 
platinum boats are arranged at the height of the flame on a brass standard which is 
rotatable from without by means of a lever handle projecting from under the raised 
base ; so that when the throe salts are placed in the boats any one of the latter 
can be rotated into contact with the flame, and thus all throe metallic lines can be 
rapidly reviewed and their situations verified by rotating the prism to the graduations 
corresponding to them. 

If on thus reviewing each of the three lines it should not prove to be quite central 
between the jaw-edges of the exit slit, as focussed simultaneously with the lines by 
the eyepiece, the prism circle should be adjusted until it is, and the exact reading 
noted. As the jaws of the slit have occasionally to be opened a little wider when 
veiy small or imperfectly transparent crystals are under investigation, and then 
subsequently nearly closed again for use with good crystals, these variations, although 
the jaws are arranged to move equally on each side of the centre, may cause minute 
differences of circle readings to occur, which require to be observed. Such differences, 
however, have never been found td exceed 2', and the minute correction is the same 
for all the lines. In the case of the sodium D-lines, even the lowest power eyepiece 
separates them, and the middle power which is generally used shows them an apparent 
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millimetre apart. The reading for sodium light is taken when they are symmetiioally 
placed between the two slit-jaws, the separation of which is about double that of the 
two linos. 

In order that the readings for all wave-lengths may be known, and 
the prism-circle set for any wave-length at any time, the results of the 
calibrations are graphically expressed on curve - paper, taking circle 
readings for ordinates and wave-lengths for abscissa) ; the curve joining 
the points on it thus graphically set forth is then drawn with a 
free hand. It is subsequently only nece.ssary, in order to procure light of 
any wave-length whatsoever, to set the circle to the reading indicated 
by the curve as corresponding to this wave-length, and to illuminate the 
entrance slit with the powerful white light from tlie lantern, when 
monochromatic light of the desired wave-length will stream through 
the exit slit, and, the eyepiece in front of it being removed and the 
ground-glass diffuser added instead, will form a l)rilliant patch on the 
diffusing screen, adequate to illuminate any observing instrument. 

If the Hilger constant-deviation prism and wave-length drum are 
employed, the actual wave-lengths themselves of the various spectrum 
lines adjusted between the slit- jaws are marked on the drum directly. 
The calibration in this case is very conveniently done with the aid of the 
arc spectrum of copj)er, the copper lines affording an adequate number 
of fixed wave-lengths in themselves to enable most others to be obtained 
by interpolation, and they can always afterwards be verified as regards 
the sodium, lithium, and thallium lines. Me.s.sr8. Hilger generally supply 
the drum as thus calibrated by means of a copper arc. 

This monochromatic illuminator is especially useful when some 
exceptionally interesting phenomenon is observed—the crossing of the 
optic axial planes and production of a temporary uniaxial figure by a 
biaxial crystal for instance — with light of a wave-length intermediate 
between the wave-lengths corresponding to two spectrum lines, say some- 
where in the green between sodium and thallium light, and for which it is 
desired to know the exact wave-length. It is only necessary to take the 
circle reading when the particular phenomenon (say the uniaxial figure) 
is produced, and consult the curve, or if the Hilger drum is in use to take 
its indication, in order at once to ascertain the required wave-length. 

The author’s instrument was constructed by Messrs. Troughton & 
Simms, and has proved most efficient, having the great advantage of 
the exceptional dispersion of its magnificent 60°-pri8m. Similar instru- 
ments have been supplied to the Mineral Department of the British 
Museum and to the Manchester School of Technology, which are almost 
equally effective, although the dispersion is not quite so great, on 
account of the difficulty in reproducing the original glass. 

The Hilger Wave-length Spectroscope adapted as Monochromatic 
Apparatus. — As already mentioned, the author’s 60°-pri8m and circle 
fine adjustment may be replaced by a Hilger constant-deviation prism 
and wave-length drum. As many ordinar/ spectroscopes have now been 
supplied by Messrs. Hilger fitted with these arrangements, it may be 
useful to state that they can at once be adapted for the production of 
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monochromatic light by simply replacing the two optical tubes by a pair 
with the author’s special fittings, and which are shorter and stouter in 
order to afford a wider objective aperture and to transmit a great deal 
more light. The objectives are 31‘6 mm. clear aperture, and their focal 
length only 185 mm. Such an instrument, constructed by the firm of 
Hilger under the author’s supervision, is shown in Fig. 716. The wave- 
length drum is also shown enlarged in Fig. 717 and a j)Ian of the constant- 
deviation prism, showing the path of the light rays, in Fig. 718. 
The indication of the wave-length on the drum is made by an 
indicator projecting from the fixed frame and which bears a narrow rib 



Fiq. 710. — The Monochromatic Illuminator with Constant-deviation Prism and Wave-length 
Drum as constructed by Hilger. 


below, gearing in a helical slot in the cylindrical surface of the drum. 
The prism is of the Pellin-Broca type, the shape of which will be clear 
from Fig. 718. It may be considered as built up of a couple of 30°- 
prisms and a right-angled totally-reflecting prism, and it is from the 
hypotenuse of the latter that the internal reflection occurs. The path of 
the rays is indicated by the thick dotted line and the arrows, I being 
the incident ray and R the finally refracted ray. As the light rays pass 
through the 30°-pri8ms at right angles to one of the imaginary planes 
(the internal one) forming the 30°-angle in each case, and parallel to the 
imaginary or real base which iS perpendicular to that plane, the refract- 
ing effect is as if the rays had traversed a 60°-pri8m parallel to the base, 
that is, at minimum deviation, but as one of the 30°-ppsm8 is inverted 
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relatively to the other, the deviation produced by that other is neutralised ; 
then between the two this reflecting prism reflects the ray rectangularly, 
and thus the refracted ray finally emerges making an angle of 90° with the 
incident ray. Moreover, the deviation remains constant at 90° for all 
wave-lengths, rotation of the prism ^ by the wave-length drum simply 
bringing successive colours thus deviated past the centre of the field, 
the telescope and collimator being fixed at right angles to each other 
This instrument has been thoroughly tested by the author, and proves 
very efficient. Although the intensity of the monochromatic light 
afforded by it is not quite as great as that delivered by the Troughton 
& Simms instrument, the purity of the sjiectrum is greater, and it is 
quite unnecessary to employ the coloured-glass filters. The two slits a 
arc of identical construction, the jaws moving equally, on each side of 
their closed position, when manipulated by the adjusting screw g, seen 
above the slit. It is convenient to employ the optical tube h seen to the 
right in Fig. 71G to receive on its slit the converged beam of light from 
the lantern, as the wave-length drum h can then be more readily manipu- 
lated by the right hand than when the other tube is so used. After 
preliminary adjustment of each slit to the focus of its respective objective, 
the final focussing of the spectrum to the exact 
plane of the exit slit (the spectrum lines being 
then focussed by the eyepiece simultaneously 
with the jaws of tlie exit slit) is best performed 
entirely on the second optical tube d carrying 
the exit slit and eyepiece ; it is achieved by 
means of a milled rotatable focussing ring /, 
which acts as a driving nut replacing the 
ordinary rack and pinion and affords a very 
steady fine adjustment. The eyepiece is carried 
in a detachable cap w, seen lying on the table 
to the right, which slips on to the exit slit 
end of the optical tube when required for 
observation or calibration of the spectrum lines ; two interchangeable 
eyepieces are su])plied (the second being shown at o), adjustable in the 
cap so as to focus the slit, the one clearly dividing the two sodium lines 



Fig. 717.— nilRor Wave-length 
Drum. 


^ According to W. E. Forsythe {A»lro. Phys. Joiirn., 1917, 45, 278) the proper 
point of rotation of the prism is the intersection of the bisector of the angle between 
the incident face and the base (the long lower left face in Fig. 718) with the reflect- 
ing surface of the prism. When the prism is rotat<*d about this point there is no 
lateral shifting of the beam, and the calibration will not depend on the character of 
the 8j)ectroscopo lenses. The same conclusion was independently arrived at by E. 
Bloch {Journ. de Physique, 1917, 7, 145), who showed that if A be the top 75“ comer 
of the prism (Fig. 718), and P be the invariable point or centre of rotation in question 
— such that if the prism be rotated about an axis passing through it pcrjx>ndicularly 
to the plane of the paper in Fig. 718 (the position of the incident ray remaining flxea) 
the emergent ray also remains fixed in position — then the position of this point P on 
the reflecting (upper right) face is afforded by the equation ; 


Ap_ «»in45'’ 
sin (75° + 46°) 


a sin 45° 
cos 30° 


= 0'81fla, 


where a is the length of the incident (upper left) face. 
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Fig. 7l8. — Construction of Constant- 
deviation Prism. 


and the other separating them to the extent of an apparent millimetre. 
When the exit slit is opened wide and the eyepiece is in position the 

instrument is a most efficient wave- 
length spectroscope. 

Ordinarily, when the instrument 
is in use as a monochromatic illum- 
inator, the eyepiece is replaced by 
the diffusing-tube fitting i, capable of 
sliding along a bar j by means of a 
collar k carrying below a slider ; the 
bar is carried by an annulus e attach- 
able by two milled-headed screws . The 
short sliding tube is provided with two 
alternative movable inner tubes I and 
m (the latter shown lying on the table 
next to the eyepiece) each carrying a 
ground-glass screen, one being more 
finely ground for refractive index 
determinations and the other coarser 
for optic axial angle observations. 
The constant-deviation prism c is pro- 
vided with a metallic cover p, pierced 
with two apertures opposite the objectives of the optical tubes. It 
is shown resting on the table to the left. The other two objects on the 
table are a pair of cover-caps q to protect the slits when the instrument 
is not in use. The whole instrument is mounted on a stout pedestal r, 
and tripod provided with levelling screws s. 

Subsequent to a visit paid to the author in Oxford by Prof. Wulfing, 
when the monochromatic illuminator was seen at work as shown in Fig. 
716, an instrument termed the “Wulfing*’ monochromatic illuminator 
has also been constructed and catalogued on these lines by Fuess of 
Berlin, and is shown in Fig. 719. In this instrument, which also includes 
a constant deviation prism and wave-length drum, the author’s ground- 
glass diffuser is replaced by a lens, on the recommendation of Prof. Wfilfing. 
The author’s earlier experiments with lens diffusers, however, led him to 
discard them for the ground-glass diffuser, which is infinitely more satis- 
factory provided a brilliant source of light, the electric arc, is available. 

Geissler Vacuum Tubes, Mercury-Vapour and Cadmium-Vapour Lamps. 
— The most suitable form of Greissler vacuum tube for all the purposes 
referred to in this chapter and in the later chapters L., LVII., and LVIIL, 
concerned with polarimetry and interferometry, is of H shape, as shown 
especially clearly on the right in Fig. 890, Chapter LVII., and in Fig. 897 
in Chapter LVIII. Excellent tubes of this type are made in this 
country by Mr. Cossor, and are also supplied by Messrs. Hilger. The 
highly-rarefied gases found most useful are hydrogen, neon, and helium, 
mercury vapour (derived from* an enclosed globule of mercury), and 
cadmium vapour. The wave-lengths of the principal spectrum bright 
lines, the light of which it is desired to use, are given in the table 
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>n page 798. In the case of the cadmium-vapour lamp the H-tube 
meloses a small pellet of metallic cadmium, and to render it effective 
he tube requires to be heated to 200° C. in order to volatilise the 
netal. A small enclosing air-bath fitted with thermometer and heated by 
i small Bunsen burner is the safest arrangement for heating it. There 
ire two modes of actuating vacuum tubes, by the Euhmkorff induction 
coil, or by a transformer furnishing a high-tension alternating current. 
If the Ruhmkorl! coil be employed, the proper current can readily be 
obtained by passing the 100-volt direct {continuous) supply current through 
4-6 32-candle-power carbon-filament lamps arranged “ in parallel.” The 
author has a covered metal box for the purpose, fitted with lamp socket 
connections for 8 such lami>s ; only those lamps as are required are 
placed in position in their sockets. Each permits about 1 J amperes of 



Fig. 719. — Fuess-WUlrtng Monochromatic Ilhimlnntor. 

current to pass to the primary of the coil, a total of 6 amperes from 4 of 
the lamps being usually suitable. The author’s coil is a large one capable 
of affording a six-inch spark between the adjustable sparking terminals 
of the secondary. 

A high-voltage transformer and converter outfit is supplied by Messrs. 
Hilger specially for vacuum tube work. It consists of a J kilowatt rotary 
converter taking 110 or 220 volts direct current and converting it into a 
75 or 150 volts alternating one, shown on the left in Fig. 720, and a J kilo- 
watt transformer (seen more to the right of the figure) giving approximately 
15,000 volts with 150 volts on the primary, and a 50-candle-power carbon 
filament lamp (two being provided) inserted “ in series ” with the primary 
of the transformer. When an alternating current is available the converter 
is not required, and the transformer can be run direct off the mains, its 
use being to transform the low voltage of the primary (that of the supply 
current, 160 volts, say) into a high voltage in the secondary ; it acts, in 
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fact, like a Ruhmkorff coil, but the supply must be alternating, whereas the 
primary of the Ruhrakorlf coil requires to be supplied with direct current. 
If a condenser (seen in the centre of the figure) be added (J kilowatt) the 
outfit can also be used for sparking between electrodes, the condenser 
being connected in parallel with the secondary of the transformer. 

As regards hydrogen vacuum tubes, the primary spectrum, which is 



Fig. 720.— Converter and Transformer for Vacuum Tube Work. 


what is needed and is indicated by the bright red glow in the capillary 
cross-tube of the H, usually deteriorates more or less rapidly with use, 
owing to the impairment of the vacuum by the liberation of hydrogen 
occluded in the electrodes, the secondary spectrum being afforded instead 
at the higher pressure. This can be largely counteracted by blowing a 
large bulb on one of the limbs of the H, 
as shown on the right in Fig. 720, a 
hydrogen vacuum tube so shaped afford- 
ing the desirable primary spectrum for 
a practically unlimited time. 

A convenient arrangement for utilising 
the main supply of electricity, either 
continuous or alternating, of any voltage, 
for the immediate production of low- 
voltage currents from 0-6 to 100 volts, 
of the kind for which accumulators have 
usually been employed, is provided in 
the “ Galvanoset ” of the Medical Supply 
Association. It is shown in Fig. 721. 

It consists of a circular glass vessel 
containing water, two fixed electrodes, 
and two movable electrodes. The current 
from the supply main enters at an upright 
Fro. 721.-The Galvanoset. central terminal and passes through two 
• lainp resistances to the movable elec- 
trodes, and the circuit of utilisation is connected to the two terminals 
shown in the figure at the right and left margins of the vulcanite cover 
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to the vessel. When the four electrodes are 90° apart, as shown in the 
figure, the potential at the utilisation terminals is zero ; but when the 
movable pair of electrodes arc rotated from this position by movement 
of the rotatable part of the cover-plate which carries the. indicator, a 
potential is obtained which varies as the displacement effected and is 
indicated by the circular scale. Reversal of the polarity of the utilisa- 
tion supply is produced by moving the pointer in the opposite direction. 
A milliamp^re-meter with shunt winding is also carried above the 
vulcanite cover. 

The best mercury and cadmium lamps are those devised by Dr. H, J. S. 
Sand,^ the same principle^and general construction being applicable to 
both, the cadmium being melted before use by e.xtraneous heating by 
means of a Bunsen burner, and then acting like mercury does in the cold, 
the arc being struck by tilting. The lamp is constructed of quartz glass 
(fused silica), and its general shape is shown in Fig. 722. The success of 
the lamp is due to the discovery by Dr. 

Sand that an efficient vacuum-tight seal is 
afforded by metallic lead. 

The lamp consists of a quartz tube bent 
into an inverted U in such a manner as to 
give rise to a short cathode chamber A and 
a long anode chamber A'. Each of these 
chambers is continued downwards as a 
thick-walied capillary through which a 
tungsten wire passes, the lead seals being 
filled at the ends of the legs. The lead is 
forced in the fused state, by atmospheric 
pressure, into absolute contact wRh the 
quartz and tungsten during the construc- 
tion, filling up the ends so perfectly as to 
render them vacuum-tight. Considering first the cadmium lamj), the 
filling in of the cadmium is done through an ujiper attachment at the 
summit of the bend, not shown in the figure, as it is fused off on com- 
pletion of the filling, the little jirojection at the top of the lamp indi- 
cating where the fusing off has occurred. A small amount of recently 
ignited zirconium oxide is first introduced at the top of the tungsten wires, 
where the chambers exjiand out of the capillaries ; the oxide of zirconium 
prevents adherence of the cadmium to the quartz glass. The piece of 
cadmium is placed in a wire gauze cage contained in a side tube of the 
filling attachment referred to, the main tube of the attachment being 
connected to the pump. After exhaustion by the latter the cadmiuni is 
melted in its cage and the latter filters off all cadmium oxide, only allowing 
the pure metal to run into the lamp chambers, any occluded gases being 
at the same time eliminated. The attachment is then fused off at the 
oxy-hydrogen blowpipe, and the lamp is ready for use. It is best supported 
by means of a clamp holding one leg, aiTd the necessary tilting to strike 
the arc after melting the cadmium can then be readily effected by rotating 
1 Proc. Phys. Soc., 1916, 28, 94. 



Fig. 722.— Dr. Sand’s Cadmium 
or Mercury Lamp. 
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the shank of the clamp in its boss head. The heating for the fusion should 
be done from the top by a Bunsen gas-burner. The lamp often lights up 
even before tilting. It is run on a 100 or 200 volts lighting circuit, with 
a back resistance adjusted to take a current of 6-7 amperes on short- 
circuit. Owing to the small upper chamber holding the cathode, metal 
distils into it from the hotter lower anode chamber, and drips back again 
once every two or three minutes, causing a slight flicker, which does not 
interfere at all, however, with the use of the lamp. The temperature of 
the lamp is maintained high enough to prevent any condensation of metal 
vapour on the quartz glass. The lamp may be kept burning for any length 
of time, and yields a powerful light, suitable for all the purposes described 
in this book, including spectroscopic, polarimetric, and interferometric 
work, as well as for calibrating the monochromatic illuminator as regards 
the positions of (circle readings for) the prism corresponding to the brilli- 
antly outstanding red, green, and blue cadmium lines. 

The mercury lamp is similar, liquid mercury simply replacing the 
cadmium and requiring no extraneous heating. The lead seals have proved 
a perfect solution as regards vacuum tightness, just as in the c^se of 
cadmium. A quartz glass mercury lamp of this character withstood a 
test of 500 hours intermittent burning quite 
unimpaired, and it affords a powerful light, 
yielding the green and violet mercury lines 
with great intensity and steadiness. 

A cadmium vapour-lamp has also been 
described by F. Bates, ^ resembling the Sand 
lamp in all essentials, as will be clear from 
Fig. 722a, which rej)resents it before the 
final scaling off. It is likewise constructed 
of fused quartz, and of 10 c.c. capacity. 
It is filled by distilling a cadmium-gallium 
alloy (2-3 per cent, gallium) from the quartz- 
glass bulb attached as shown to the side of 
the filling tube at the top of the figure ; this 
alloying with gallium renders the cadmium 
soft and prevents any possibility of breakage 
on the solidification of the cadmium. The 
lamp works with 3 amperes at 1 10 volts, but 
is best with 7 amperes. Like the Sand lamp it furnishes a very intense 
source of red light of the wave-length 6438 A.U. ' 

Dr. T. M. Lowry ^ has pointed out a remarkable and very useful property 
of the mercury arc, as thus produced in a fairly wide quartz- glass tube, 
namely, the pinching together of the illuminating arc into a narrow thread 
only one-third of the diameter of the tube wide. This is a result of Fara- 
day’s law that currents travelling in the same direction attract one another, 
and it proves a very convenient feature of this lamp, as the brilliantly 
luminous thread acts as a slit for ‘spectroscopic purposes, that is, it renders 
1 Phil Mag., 1920, 39, 363. 

* Royal Institution — Friday Evening Lecture, April 18, ^913. 



Fig. 722a. 

The Bates Cadmium Lamp. 
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the use of a slit not absolutely essential ; and even when a slit is available 
and already present on the instrument in use, the brilliantly luminous 
thread just covers the slit without extravagant expenditure of energy, 
the source being of the same elongated shape as the slit. 

A special short and compact form of the Cooper-Hewitt mercury lamp 
used for optical workshop lighting (the usual form being 4 feet long) is de- 
scribed by J. Guild.^ The 
ordinary shorter form is 
useless for interference 
work with any but very 
thin films, owing to the 
high temperature to which 
it rises and consequent 
high mercury - vapour 
pressure, which causes 
broadening of the lines 
and interference bands. 

This defect is avoided in 
the special form now 
described, by blowing a 
large condensing bulb (5 
inches in diameter) on Fia. 722^. — ^'riie (JooiKT-Jiewitt Mercury Lamp, 

the ordinary form above 

the positive electrode, as shown in Fig. 7226. The lamp is constructed 
by the Westinghouse Cooper-Hewitt Co. When taking a current of 2J-3 
amperes (not more than 5 in any case) the lamp produces fringes for the 
green mercury line 5461 A.U. with as great a path-difference as 10 centi- 
metres, and the illumination is very brilliant. The deviser of this lamp 
recommends the addition of a similar large bulb to the Sand cadmium 
lamp, and considers that the lamp would then be better fitted to afford 
interference bands for rays of long path-difference. The ordinary long 
Cooper-Hewitt mercury lamp is not subject to the defect above referred 
to, and interference bands in the green 5461 light have been produced 
of two decimetres path-difference. 

» Pwc. Phys. Soc., 11)20, 32, 341. 




CHAPTER XLV 

THE DETERMINATION OP EXTINCTION ANGLES BY THE STAUROSCOPE 

The most efficient form of polariscope for the accurate determination of 
extinction angles is the “ Stauroscope ” belonging to the “ Universal 
Crystal Apparatus ” of von Groth, constructed by Fuess of Berlin. The 
polarising microscope may be used for preliminary or approximate work, 
as will be fully described in Chapter LIII. ; but for accurate measurement 
no instrument has yet proved so satisfactory as the Fuess stauroscope. 
The optical tube which carries the large polarising Nicol is the same as 
that of the optic axial angle goniometer of the universal apparatus, but 
without the convergent system of lenses, and the same Nicol analyser is 
employed with both, but a different optical tube and other fittings are 
employed with it. 

The stauroscope is shown in Fig. 723, partially in section, and later 
in Fig. 725 in position during a determination in monochromatic light, 
with the aid of the spectroscopic illuminator. It is essentially a polari- 
scope arranged for parallel light, having wide optical tubes, large lenses 
for the parallelisation of the beam of light, and a large Nicol prism 
polariser, in order to transmit the maximum of light. Besides a Nicol 
analyser of smaller size, provided with a very small eye-hole to avoid 
parallax, and covered with a small slightly enlarging concave lens, the 
second or analysing tube is provided with a Calderon double calcite 
plate, a half-shadow compound plate resembling a bi-quartz, for enhancing 
the sensitiveness of the determination of the exact positions of extinction 
in the crystal plate. 

From a strong base a, between the two claws of which an adjustable mirror 6 is 
carried, chiefly for use in white light observations, rises a column c of triangular 
section, carrying two sliders d and e, the lower d being capable of fixation at any 
convenient height, by means of the milled-headed clamping screw /, and the upper e 
being adjustable at any height by rack and pinion, the latter manipulated by the 
milled head g. Each slider carries one of the two wide optical tubes, which have a 
common axis, which is vertical when the apparatus is standing on its base as in Fig. 
723. The lower tube h has an inner tube i carrying a doubly convex lens j at its lower 
end, and a similar one k at its upper end, the pair together furnishing a parallel beam 
of light, all of which has passed through the polarising Nicol I, in which the rays 
cross, aUd which has a minimum aperture of inches. The inner tube carries a 
clamping ring which has a V -shaped projection fitting in either of two corresponding 

974 C 
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notches id’’ apart in the lower edge of the outer tube. The ring is damped on the inner 
tube in such a manner once for all that when the V fits one of the notches the piano of 
polarisation of the Nicol is arranged symmetri- 
cally to the stand, and corrosi)ond8 to the zero 
mark of the vernier, which is fixed at the outer 
end of that diameter of the circle which is 
parallel to the line passing symmetrically be- 
tween the claws of the stand. 

About the upper end of the outer tube is 
carried the rotating divided circle in, as the 
silver bevelled flange of a rotatable cap or short 
tube n, which carries a s]X)ciaI arrangement for 
the support of the crystal section-plate, which 
latter is cut or ground parallel to the symmetry 
plane when the crystal is monoclinic. The 
bevelled graduated silver limb m of the circle 
rotates over a silvered flange o, solid with the 
supporting ring p, which is carried at the end of 
the short arm [irocooding from the slider d ; the 
outer tube is screwed directly into this ring p, 
and the silvered flange o bears the vernier 
graduations on the front ])art of its horizontal 
surface. The circular table q forming the top 
of the cap is detachable, but when replaced 
always takes up the same position again, owing 
to its having a notch fitting about a ]iin in the 
annulus nm. The table is perforated by a 
rectangular central a])crtiire, along one of the 
longer edges of which a straight stri)) of hard 
metal r is carried, the edge of which abutting 
on the aperture is a truly straight line, and the 
narrow surface is bevelled slightly out of the 
exact vertical plane so as to make the important 
upjier straight-edge slightly overhang. 

In some instruments this edge is very 
slightly curved (concave), in order to afford two- 
point contact only to the plane edge of the 
mount-plate presented to it ; the lino joining the 
two points, or the straight-edge itself when no 
curvature is given to the edge, is arranged so as 
to be exactly parallel to the right and loft 90“- 
270° diameter of the circle, when the zero 
graduation is opposite the zero of the vernier, 
as shown in the separate upjier part of Fig. 723, 
and also in Fig. 724. Against the straight-edge 
(or the two points of the curved edge) an especi- 
ally truly planed and polished normal edge-face 
of a rectangular glass plate s is maintained 
pressed, during the determination of extinction, 
by a spring t, as shown in the upper part of 
Fig. 723. It is on this plate that the crystal -section is mounted with hard balsam dis- 
solved in benzene. The normal edge-face in question of the glass plate is 2 milli- 
metres wide, corresponding to the thickness of the plate, and is polished truly at 
90° 0' to the broad plate surfaces, so as to afford an excellent image of the goniometer 



Fio. 723.--The von Groth Stauroscope 
as constructed by Fiiess. 
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signal, the other three edge-faces being left rough -ground. The polished edge of the 
plate is marked in the middle near the position for the crystal with a deep round niche, 
which enables the light rays to get at the crystal faces during the mewurement on the 
goniometer of the angles between the plate surfaces and crystal faces of reference. 

The crystal is mounted on this glass plate so that one of the original natural faces 
— belonging to the ortho-zone if the crystal be of monoclinic symmetry, normal to the 
ground pair of faces parallel to the symmetry plane — is approximately parallel to this 
reflecting glass face. The angle between the two — for except by chance absolute 
parallelism cannot be attained by hand setting — can then be determined by actual 
measurement on the goniometer, and thus be used as a correction for the true position 
of the crystal face with respect to the direction of the 90°-270° circle graduation. Any 
slight error of sotting of the straight-edge itself to the 90®-270° graduation is corrected 
by reversal of the glass plate and crystal, the latter then being below the plate and 
projecting through the aperture of the stage, and by taking a second series of stauro- 
scopio observations for this position. The error is eliminated in taking the mean of 
the two observations, as well as any error of setting of the 90°-270“ and 0°-180° 
diameters of the circle to the planes of vibration of the Nicols. 

The upper optical tube consists of an outer tube u carried by the annular termina- 
tion of the arm v proceeding from the slider e. Into the upper part of this tube 
slides an inner one w, terminating above in a thick flange w' with truly plane upper 
surface of silver, on which a radial zero mark is engraved. Within this tube at its 
upper extremity fits the analysing Nicol x, the supporting tube y of which carries 
about one-third from the bottom a bevelled silver circle z, fitting fairly tightly over 
the silvered top of the flange w'. The Nicol is thus rotatable and its position with 
respect to the zero mark indicated by its circle. Immediately below the flange a 
tightening collar a is fixed, bearing a V-projection capable of fitting in a corresponding 
notch in the upper rim of the outer tube and the collar is tightened at such a position 
that the zero mark then corresponds to that of the vernier of the circle plate o of the 
lower optical tube. Above the analyser there fits loosely a detachable shallow cap /9, 
pierced at its centre by a circular ai)erturo of only 3 millimetres diameter, and closed 
by a small concavo-convex lens y. This is essential, for in order to obtain a 
sharp extinction the position of the eye must bo maintained perfectly central. The 
lens also affords a slight enlargement of the field and of the crystal placed on 
the stage-plate. 

When this inner tube w is pushed down into position in the outer tube «, with its 
collar projection properly fitted in the notch, about three-quarters of an inch of it 
projects below the annulus v of the supporting ann. Over this slips tightly from below 
a further short tube or lower cap 5, forming a detachable continuation of the outer 
tube. The lower end of this cap carries the stauroscopic plate e for enhancing the 
sensitiveness of the determinations of extinction. In the author’s instrument it is a 
Calderon double plate of calcito. It is constructed by cutting a rhomb of calcite 
along the shorter diagonal of the rhombohedron, the plane of cutting being thus a 
principal section containing the optic axis ; from each half a wedge of the same angle 
is then ground, leaving the cut surface as one face of the wedge in each case ; the two 
wedges then are cemented together by their other ground surfaces, after the latter 
have been polished, the thick end of one wedge being cemented to the thin end of 
the other, one wedge being thus rotated for 180'’. A plate is then cut from the 
compound block thus obtained, at right angles to the plane of cementation, by 
cutting away the re-entrant angles of this artificial twin, so that when the plate is 
regarded normally the junction plane is seen in plan as a fine line. When placed 
between crossed Nicols, with this dividing line parallel to the vibration plane of one 
of them, such a plate shows an equal amount of extinction in each hall, that is, the 
slight shade in each half is the same ; for each is equally slightly removed, by the 
angle of the wedges, from the principal-section plane. If a crystal plate be interposed, 
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on its glass plate laid on the stage at the top of the lower Optical tube» that is, at 
I, the two halves will at once show a marked difference of colour tint or brightness, 
imless the extinction directions of the crystal coincide exactly with those of the Nicols. 
Hence, when such a difference appears, the crystal and stage must be rotated along 
with its divided circle until equality of tint or intensity is again restored. This angle 
of rotation is the difference between the setting of the crystal on the plate, which has 
been goniometrically determined with reference to an actual face of the crystal, and 
the extinction direction. The angle of extinction with reference to tlio face in 
question is thus the sum or difference, according to the direction of rotation, of the 
angles found respectively on the stauroscope and the goniometer. 

In order to screen off as much extraneous light as possible a rotatable diaphragm 
carrying four apertures of different sizes is placed at 77, .so that the circular aperture 
of the fixed diaphragm d can be more or less constricted at will, and the crystal thus 
made to occujiy most of the visible field. The inner tube w is slotted for half an inch 
at its lower end, to take a pin screwed so as to project through the tube 5 of the cap, 
at such a position as brings the dividing line of the Calderon double-plate parallel to 
the plane of vibration of one of the crossed Nicols. 

Thus when all is in position the conditions are as shown in Fig. 724. 
The crystal edge of reference c, the jdan or trace of an existing face, is 
cither parallel to the straight edge 
ah and to the 90^-270° graduation 
and to the plane of vibration of the 
corresponding Nicol, or makes a 
known (measured) angle theiewith. 

Before carrying out a deter- 
mination of extinction, the polar- 
ising Nicol is arranged once for all 
so that its vibration direction is as 
nearly as possible parallel to the 
line joining the centre of rotation 
of the circle to the 0® mark of the 
fixed vernier 0 . 

The analyser is then arranged 
with its vibration direction per- 
pendicular to this position, so that 
the maximum darkness of field is produced when the Calderon double- 
plate is removed and nothing interposes between the two Nicols. The 
cap containing the Calderon plate is then replaced in position at the 
lower end of the tube w, so that the pin fits in the slot and is pushed 
home to the end of the latter. Two of the rectangular glass plates should, 
the day previously, have had the pair of ground and polished crystal 
section-plates mounted on them, near the ground-away niche d (Fig. 724), 
for then when the plate is placed in position against the straight-edge, 
and the circular diaphragm-aperture of suitable size adjusted, the crystal 
will appear centrally in the field of view on looking through the analyser, 
as shown in Fig. 724. The angle a made by the crystal face, which has 
been arranged approximately parallel to the truly plane glass edge-face, 
with the latter, should then be measured on the goniometer, just before 
placing it on the stauroscope stage. Before thus placing it, moreover, the 
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adjustment of the Calderon double-plate should be looked to, and the fact 
verified that the two halves are absolutely equally in half shadow, that is, 
equally only very slightly lighted, almost dark, under the crossed Nicols. 
After having done this efficiently once, it will be found on subse- 
quent occasions that it is only the analyser which is not absolutely at 
its zero graduation if the lighting of the Calderon plate is not evenly 
distributed. 

On now placing the glass plate and its mounted crystal section-plate 
in position on the circle - cap, against the straight - edge, and sliding it 
slightly, if necessary, while pressed against the straight - edge by the 
spring, until the crystal appears centrally situated in the field, the 
crystal will be seen to be sharply divided off into a bright half and a 
dark half, by the line of junction of the two halves of the Calderon 
double-plate, unless the position of the crystal is by chance adjusted 
near to that for extinction. On rotation of the circle, which involves 
that of the whole cap and crystal stage, the difference of brightness or 
tint of the two crystal halves will be either still further accentuated or 
diminished, according to the direction of rotation. The direction for 
diminution being then known, the circle is turned in that direction until 
equality of depth of greyness or absolute match of colour tint is shown 
in the two halves, no difference whatever being apparent between them. 
This position, with a good crystal, is capable of detection in the author’s 
instrument with certainty to 5 minutes of arc. It is useless to expect 
to pass beyond this degree of accuracy, or even to attain so sharp a 
determination in the case of a poorer crystal, with any known form of 
sensitiveness enhancer, as the result of a single determination. Hence, 
half a dozen different settings should be made to the extinction position, 
and the mean taken, when a somewhat closer approximation will be 
reached. 

When the position of extinction has thus been found, what has really 
been achieved is that the two perpendicular directions of extinction (for 
the same character of extinction occurs at 90° to the position found) 
have been ascertained with reference to the planes of vibration of the 
Nicols, assuming that the 0°-180° and 90°-270° diameters of the circle 
respectively have been set truly parallel to the planes of vibration of 
the Nicols, which, however, is not the fact, for this setting can at the 
best have been only approximately achieved experimentally. Moreover 
as regards defining the extinction position crystallographically, with 
respect to the reference face, the angle of rotation on the circle from 
the 0°-180° diameter, that is, from the zero of the circle as read by the 
fixed vernier, gives the extinction direction with respect to the straight- 
edge and reflecting edge-face of the glass mount-plate, and not with 
respect to the reference face. But as the small angle a enclosed between 
the glass edge-face and the crystal face arranged approximately parallel 
to it has previously been measured on the goniometer, it is only necessary 
to subtract it from or add it to the mean stauroscopic extinction angle 
just found, according as the angle through which the crystal has been 
rotated includes this small angle or is adjacent and additional to it, in 

( 
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order to arrive at the extinction angle with respect to the reference face. 
No mistake in applying this correction can be made if the direction of 
the correction angle is first of all carefully observed, and the graduation 
of the circle appreciated which really corresponds to the setting of the 
reference crystal-face itself (rather than the straight-edge and glass 
edge-face) to the zero ])osition. Indeed, to avoid the possibility of any 
such mistake in the sign of the correction, it is not a bad plan so to 
mount the crystal that the reference face makes a decided visible angle 
with the edge-face of the glass mount-plate. Another precaution to 
remember is that, in measuring the correction angle, the glass plate must 
be adjusted truly horizontal on the goniometer axis, assuming the 
reference face to be one in the ortho-zone of a monoclinic crystal, which 
is thus perpendicular to the section-])la1e parallel to the symmetry plane, 
and to the glass mount-plate. For other more conijilicated cases special 
instructions will presently be given. 

In order to eliminate finally the possible error in setting the plane 
of the polarising Nicol parallel to the diameter containing the zero of 
the vernier, the glass plate is then reverseil, so that the crystal is below 
it instead of above it, but with the reflecting edge-face of the glass plate 
stdl pressed by the sfiring against the straight-edge. A second series of 
half a dozen adjustments to extinction should again be made, and the 
corresponding readings recorded and their mean taken. This is then 
inde[)endently corrected for the .setting of the cryi>lal on the mount, the 
small angle a being added or subtrai.-ted as the case demands. The 
mean of the two values thus obtained, for the reversed positions of the 
crystal above and below the jilate respectively, is then taken as the 
true extinction angle <j> for that particular crystal. 

Precisely similar procedure is adopted for the observations with 
the second (duplicate) crystal jilate, and the mean of the results for the 
two crystals, which should not differ by more than a very few minutes, 
is accepted as the true e.xtinction angle for any plaU* of this crystalline 
substance having this orientation. When the crystals are monoclinic, the 
result is thus to afford the directions of extinction in the symmetry plane, 
the section- plates having been ground parallel thereto ; hence, they are 
really the directions of the two axes of the optical ellipsoid lying in the 
symmetry plane. 

Now as the two perpendicular extinction directions — in such a 
plate parallel to the symmetry plane of a monoclinic crystal or to a 
principal plane of the optical ellip.soid of a triclinic crystal, that is, the 
directions of two of the three jirincipal axes of the optical ellipsoid — 
are dispersed for different wave-lengths of light, it is always advisable, 
and imperative when this dispersion exceeds 5', that the observations 
should be made in monochromatic light. Usually it suffices to employ 
sodium light for extinction determinations, the most intense one procur- 
able being used, such as is afforded by a fan-tail Bunsen burner into the 
broad and high flame of which several little platinum boats containing 
a bead of sodium salt are introduced, or any other of the many 
laboratory arrangements now available for producing an intense sodium 
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flame. Better still, however, is the monochromatic illuminator described 
in the last chapter, with which the determinations should be made for 
red C- and greenish-blue F-hydrogen light as well as for sodium light, 
the light of all these three wave-lengths being supplied directly from 
the illuminator, using the electric lantern as source of light. A con- 
venient mode of supporting the stauroscope horizontally in front of the 
ground-glass diffuser of the spectroscopic illuminator is shown in Fig. 
725. Excellent illumination is obtained by this mode of procuring the 
necessary monochromatic light, for not only these three, but any other 
desired wave-lengths whatsoever. 



I’lG. 725. — Determination of Extinction Angles in Monochromatic l.iglit. 


The mode of carrying out such an observation of extinction will 
now be illustrated by a concrete example, that of ammonium magnesium 
sulphate, the substance taken in Chapter XVII. as an instance of 
characteristic monoclinic symmetry. Sodium light here suffices as the 
dispersion of the axes of the optical ellipsoid is extremely small. 

Determination of Orientation of the Axes of the Optical Ellipsoid of 
Ammonium Magnesium Sulphate, (NH 4 ) 2 Mg(S 04)2 . 6H20.--The section- 
plate parallel to the symmetry plane h = {010} is represented in Fig. 726. 
Its edges were formed principaily by the two pairs of parallel faces a = (100) 
and o»=(T00), and c = (001) and c = (001), the latter forming the long 
edges, and also subsidiarily by smaller faces of r' = (201) and 
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(201). Strips of these six faces were left along the margin of the 
plate, and as they all belonged to the ortho-zone parallel to the 
symmetry axis b (the normal to 
the plate) they were all perpendicu- 
lar to the plate. The face c = (001) 
afforded a particularly good single 
reflection of the goniometer signal, 
and hence was chosen as the refer- 
ence face. The crystal was mounted 
with hard balsam dissolved in 
benzene, so that this face made 
a small visible angle with the 
reflecting edge-face of the glass 
mount-plate. Aftci drying for a 
day to harden the balsam cement 

^ y j Fio. 72«. — Sootlon-plate of Ammonium 

this angle Ct was measuroa on Maam'^ium Sul|th:it« .i" Heeu in Staurosropc, 

the goniometer. The stauroscopic 

measurements were then made, first with the, mount laid on the stage 
with the crystal above, and afterwards with the mount reversed and the 


c 


Crystal Crystal 

above below 

>'10. 727. 728. 

Conditions in Determination of Extinction Directions of Ammonium MagncBium Sulphate. 

crystal below. The results were as under. Figs. 727 and 728 graphically 
express the conditions in the two series of observations. 

Angle of inclination a of c-face to glass edge-face, 5*^ 36'. 
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Determinations op Extinction Angle. 


Crystal above glass. Crystal below j 

4° 56' 

8° 6' 

5 6 

8 8 

5 6 

7 64 

4 62 

8 4 

5 6 

8 14 

5 12 

7 68 

Moan 5° .3' 

00 

1 

+ a 5 36 

fa 6 36 

Apparent extinction angle 10° 39' 

Apparent extinction angle 13° 40' 

referred to normal to 

referred to normal to 

c = (001). 

c-=(001). 


True (moan) extinction angle, 12*^ 10', with respect to normal to {001}. 


IstM. 



This extiiKition angle of 12^^ 10' made with the normal to the basal 
plane, c = {001}, lies in the direction behind the normal, as will be clear 
from Fig. 729, which is the type of figure which should be drawn to 

express graphically the results for 
every substance investigated. 

The difference between the two 
results for the reversed positions of 
the crystal, 10° 39' and 13° 40', 
namely, 3° I', is double the differ- 
ence bet^veen the setting of the 
plane of polarisation of the polaris* 
ing Nicol and the zero diameter of 
the fixed vernier circle. The correc- 
tion angle itself is thus 1° 30'. That 
is, the true circle reading for one 
of the vibration directions of the 
^ two Nicols (that of the analyser 

Fio. 729.— Extinction Directions in Plato of when crossed to the polariser with 
Ammonium Magnesium Sulpliate Piifallel , , j- £ • 

to Symmetry Plane. maximum darkness 01 held) is 

358° 30' instead of 360° 0' (the 
same as the zero mark 0° O'), when the zero marks of the fixed vernier 
and rotatable circle are opposite each other. This error of 1° 30' in the 
placing of the zero to the plane of vibration is thus eliminated by actual 
experiment, but when it is known it may be used directly as a correction 
to the apparent extinction angle. It is much better, however, to 
eliminate it thus experimentally, for it varies slightly with the setting 
of the analysing Nicol for production of the most perfect dark field, 
which can of course only be achieved within the limits of the usual few 
minutes. The correction a of 5° 36' for setting of the crystal plate on 
the mount is clearly shown in Fig. 726, but is ignored in Figs. 727 and 728 
to save unnecessary complication, the crystal being assumed in these 
latter figures to be set with its ^-face parallel to the edge-face of the glass 
mount. 

In Figs. 727 and 728 the direction A is that of the (\°-180° diameter 
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of the circle. B is the true direction of vibration of the analyser and 
perpendicular to the vibration direction of the polariser, when the 0® 
reading of the circle is opposite the 0° of the vernier (which is 
immovably fixed with respect to the polariser). C and C' are the 
extinction directions in the crystal. The correction angle of 1° 30* 
for the true position of the Nicols is 0 ; e is the apparent extinction 
angle, and is the angle actually read off, corrected by adding or sub- 
tracting, in this case the former, the angle a between the reference 
crystal face and the glass edge -face. Lastly, is the true extinction 
angle, and is the sum of 6 and € in the case of Fig. 727, with the crystal 
above the plate, but the difference of e and 6 in the case represented by 
Fig. 728, with the crystal reversed underneath the glass plate. 

A second section-plate parallel to the symmetry plane, ground from 
another crystal of ammonium magnesium sulphate derived from a 
different crop, afforded the value 12° 5' for the true extinction angle 
of ammonium magnesium sulphat-e in the symmetry plane, with respect 
to the normal to the same face c = (001). 

Hence, the author has accepted the mean of the two values derived 
from these two different crystals, 12° 8', as the true extinction angle, 
that between the a axis of the optical ellipsoid (indicatrix), the second 
median line, and the normal to the basal plane c = (001), the direction 
being behind the normal and near to the vertical axis c of the crystal, 
as shown in Fig. 729. 

This will be the usual method of determining the extinction directions 
of a monoclinic crystal, for it is rare to find absolutely no faces 
developed in the ortho - zone, suitable for reference faces. Occasion- 
ally, however, it will happen that there are no such faces, and with 
triclinic crystals more frequently, although the ydate investigated 
is often very conveniently ground perpendicular to a pair of well- 
formed faces. One ought to be prepared to meet such cases of greater 
difficulty, and the following method of dealing with them is the simplest 
and most satisfactory. 

Suppose Fig. 730 to represent the gla.ss mount-plate — g being the 
upper surface of the plate and g^ the truly }»lane-poliahed edge strip — 
with such a monoclinic crystal section-plate 
parallel to the symmetry plane mounted on it, 
of which c is the upper ground and polished 
surface and is the face of a principal form 
inclined to two axes, a prism face such as (110) 
or (011), for instance. The angle crcj is 
measured on the goniometer, the edge cc^ being adjusted for the purpose, 
and the little niche in the centre of the glass edge gg^ has been cut to 
admit the light rays more fully for the purpose, for if the crystal 
plate be thin the glass edge otherwise gets in the way. During this 
measurement it will probably be noticed that the goniometrical signal- 
image from the glass surface g is coincidefit with that from c ; it should 
be so if the crystal plate has been truly ground parallel - sided and 
evenly cemented with only a thin film of balsam. But unless the edge 
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The angle passed through on rotating the circle and crystal-holder 
between these two positions was 2° 55', which was thus the value of S. 
Looking out from the table the angle a corresponding to 8 = 2° 55' and 
y (the angle between the two crystal faces c and Ci) = 90°, we find it 
half-way between 2° 0' corresponding to 8 = 2° 50' for y-90°, and 2° 7' 
corresponding to 8=3° 0' for y = 90°, that is, 2° 4'. This is only 2' 
removed from the measured value 2° 6', and thus verifies the table by 
direct experiment. 

The polarising microscope with rotating divided stage and rect- 
angularly crossed spider-lines at the eyepiece focus, can be used very 
conveniently for preliminary determinations of extinction, the reference 
face of the crystal being set to either of the cross-wires, one of which 
corresponds to the zero graduation of the rotating stage-circle, the 
Nicols being crossed. A special chapter, LIIL, will be devoted to the use 
of the crystallographic microscope, including its use as stauroscope, and 
other forms of sensitiveness-enhancing plate than the Calderon double- 
plate will there be dealt with The methods which have been devised 
for determining the extinction directions in very small, even microscopic, 
crystal plates will also be described, including the use of such results 
in ascertaining the positions of the optic axes and the axes of the 
optical ellipsoid, even when derived from section-plates or thin crystals 
of any orientation whatsoever. For the purposes of the original investi- 
gation of substances the crystals of which can be procured of a size as 
large as that of a pin’s head or larger, somewhat larger in preference, 
say that of a small pea, the stauroscope as described in this chapter is 
the best instrument to employ, in accordance with the methods here 
recommended. 

Norremberg’s Doubler. — A simple form of polariscope designed 
originally by Norremberg, although superseded for accurate measure- 
ment by the stauroscope just described, has such useful properties in 
qualitative and demonstration work, particularly in its original form for 
the examination of thin films such as those of mica and gypsum, as to 
merit special notice before concluding this chapter. It combines a 
Nicol prism, used as analyser, with a bundle of glass plates as polariser. 
It is shown in Fig. 732 in its original form, and in Fig. 733 as constructed 
in its modern form by Fuess. The outer mirror a of the two hinged 
mirrors a and b of the Fuess apparatus, or the similar one constructed by 
Steeg & Reuter, at the base of the apparatus, is an ordinary silvered 
mirror, by which the light rays can be directed at the polarising 
angle on to the second mirror 6, which consists of the bundle of glass 
plates, from which the polarised light is reflected upwards into the 
instrument. The slider c carries a short tube d terminating above in 
a rotating divided stage e for the crystal object, below which is the 
lens for parallelising the light rays, and which can bo supplemented by a 
convergent system, including a hemispherical condensing lens just under 
the object plate, when convergent light is required. The longer optical 
tube /, supported by the arm g projecting from the top of the vertical 
column h, carries a lens system which acts either as a lorw-power micro- 
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dcope for parallel light, or, with the addition of a convergent system 
similar to the lower one, for collecting the rays converged by the latter, 
and enabling the interference figures in convergent polarised light to be 
clearly viewed. The Nicol prism analyser k is carried at the top of a 
further short flanged tube I, in which it is rotatable, and which is pierced 
by a slot m for the insertion of a quartz wedge or a quarter undulation 
mica plate. The instrument includes a very wide angle of field, both 
optic axes of crystals possessing ajiparent ojitic axial angles 2E of as 
much as 130" -being completely visible with their ring systems. 




J''io 732. — Norremberg’s 
Doubler. 


Fio. 733 —Modern Form of Norremberg's 
Doubler us eouBtructed by Fuchs. 


In the earlier form in which Norremberg invented it, shown in big. 
732, the silvered mirror a is laid on the basal box h of the apparatus, 
and the bundle of plates is replaced by a simjlc plate of glass c carried 
in a rectangular frame. I’he rays of light are arranged to fall on this 
plate at the polarising angle, 56|®, and so as to be reflected perpendicularly 
downwards to the mirror, from which they arc reflected upwards to the 
object d on the stage e above the glass plate, and through the Nicol 
prism analyser/ to the eye, passing through the glass plate on the way. 
The latter thus acts like the glass plate of the (lauss ocular or Becker 
fitting shown in Fig. 24 (page 41). 

A small divided circle g is arranged at each end of tin* axle of the 
frame carrying ^he glass plate, in order to indicate the angle of tilt. 
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When the crystal plate under investigation is laid on the stage, the 
polarisation phenomena of an ordinary polariscope are afforded. But 
when it is laid on the silvered mirror, or for greater convenience on a 
second stage inserted between the mirror and the inclined glass plate, 
the rays of light then traverse it twice, both in going to and in return- 
ing from the mirror, and the phenomena observed are those of a plate 
of the crystal of double the thickness, thus giving the name “ doubler ” 
to the instrument. Provided the crystal does not fill the whole field, two 
images of it will be seen, a larger one, the directly viewed image, and 
a smaller one reflected from the mirror, and this latter will show effects 
as if the plate were of twice the thickness. 

A simple addition to the polarising microscope of an inclined 
(rotatable) glass plate fitting, such as is used for the illumination of 
opaque objects under the microscope, converts the latter into a very 
efficient “ doubler.” 



CHAPTER XLVl 


THE DETERMINATION OF THE REFRAirflVE INDtDC OF CRYSTALS HY THE 
60°-rRISM METHOD, AND OF MOLECULAR REFRACTION 

By far the most satisfactory and accurate method of determining the 
refractive index or indices of a crystal is that of the 60°-pri8m, provided 
such a prism — if the crystal be cubic in symmetry and therefore singly 
refractive, or if it be uniaxially doubly refractive (when one properly 
orientated prism also suffices) — or the necessary j)air of prisms if the crystal 
be biaxially doubly refractive, can be cut or ground out of the crystal. 
This can always be done, unless the crystals are only of microscopic size, 
by means of the cutting and grinding goniometer described in Chapter 
XLIII. and shown in Fig. 702, employing the special crystal-adjusting 
apparatus for use in the preparation of GO^-prisms there described. Even 
soft and brittle crystals can be successfully ground into prisms with this 
most useful apparatus, with one setting of the crystal on the crystal-holder, 
and the author has frequently prepared satisfactory prisms out of crystals 
no larger than the head of a pin. Crystals of the size of a small pea are 
the most suitable and convenient, when available. But even much 
larger crystals may be employed, and correspondingly larger prisms 
prepared, when the crystal is an internally homogeneous and perfectly 
transparent one. 

Isotropic (Cubic) Crystals. — When the crystal is one belonging to the 
cubic system, and therefore isotropic, a single GO^-prism will afford the 
unique refractive index p,, and it may be orientated anyhow in the crystal. 
The case is the simple one of an isotropic substance described on p. 830, 
a cubic crystal or glass, for instance, behaving similarly in this respect. 
But in the original investigation of an apparently cubic substance, the 
careful observer would prepare at least three such GO^-prisms from 
the same crystal, and orientate them so that the bisecting plane was 
parallel to each of the three pairs of faces of the cube in turn, in order 
to confirm that the refractive index is really identical for the directions 
of all three principal axes of the crystal. A fourth 60°-prism, cut 
obliquely, should also be ground, in order to establish finally the fact 
that whatever be the direction in whic^ the light travels through the 
crystal, the refractive index corresponding is the same. 

Any and all of these prisms, when arranged for minimum deviationi 
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will yield only a single image of the “Websky” signal -slit of the 
goniometer - spectrometer, when the latter is illuminated by mono- 
chromatic light, or a single corresponding spectrum when white light 
is employed, just as in the case of a glass prism ; the angle of the 
minimum deviation of this single image, for each of the six usual wave- 
lengths of light, together with the accurately measured value of the 
angle of the prism — as determined by the ordinary goniometrical method 
of measurement of the angle between two faces, after having adjusted 
the refracting edge between those two faces with the aid of the gonio- 
metrical ccnt.ing and adjusting movements — afford all the data necessary 
for the calculation of the unique index of refraction. Moreover, the 
image reinains constant and permanent when a Nicol prism is attached 
in front of the eyepiece and rotated, the only difiercTice of intensity 
observed being that due to polarisation by reflection at the incident face of 
the prism, the reflected rays being more or less polarised in the plane of 
incidence, and the refracted beam reaching the eye in the absence of a 
Nicol being partially polarised perpendicularly to the j^lane of incidence. 

The direction of vibration of the refracted polarised light is thus 
parallel to the jflane of incidence, the horizontal plane when the prism 
is set up as usual on its triangular base. Consequently, when the vibra- 
tion direction of the Nicol is also horizontal these vibrations get through 
unafiected, but when the Nicol is rotated a right angle so as to bring its 
vibration direction vertical they are extinguished, so that the ordinary 
refracted light only (that larger part which had never been polarised) 
gives rise to the vertically polarised light produced by the Nicol. Thus 
it is that the light received from the prism, when the Nicol is also intro- 
duced in front of the telescope eyepiece, appears less intense when the 
Nicol is at 90° (vibration direction vertical) than when it is at 0° (vibra- 
tion direction horizontal). 

Uniaxial Crystals— If the crystal be of tetragonal, hexagonal, or 
trigonal symmetry it will possess two extreme refractive indices, the 
ordinary oj corresponding to light vibrating along all directions perpen- 
dicular to the principal (trigonal, tetragonal, or hexagonal) axis, the 
optic axis, and the extraordinary € corresponding to light vibrating 
parallel to the optic axis. Which of the two is the greater index 
depends on the sign of the double refraction ; in positive crystals it is e, 
and in negative m. 

We have to remember the following salient facts as regards the 
refractive indices of uniaxial crystals. Rays travelling along the optic 
axis, the principal crystallographic axis, afford only one refractive index 
o), corresponding to vibrations in the circular section. Any ray passing 
obliquely through the crystal and its imaginary optical ellipsoid of 
revolution is resolved into two component rays. One of these, the so- 
called ordinary ray, is plane-polarised in the principal section (that 
containing both the direction of the ray and the optic axis) and vibrates 
perpendicularly thereto along a radius of the circular section. Whatso- 
ever be the position of the raylhis component consequently always gives 
the same index of refraction, namely, co. The other, the extraordinary 

♦ 
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ray, differs in direction of vibration and in refractive index with the 
direction of the ray, and the difference from the refractive index w of the 
ordinary ray is at its maximum corresponding to the extreme value €, the 
quantity to be determined, when the ray is transmitted in the circular 
section itself and vibrates parallel to the optic axis. The practical task 
is thus to determine to and e. Their difference is the measure of the 
double refraction. 

A single prism will enable both cu and e to be determined, provided 
it be cut or ground either so that the refracting edge is parallel to the 
optic axis, or else so that the refracting edge is perpendicular to the 
optic axis and the plane bisecting the refracting angle of the prism is 
parallel to the axis. That is to say, the bi.secting plane of the prism 
must contain the o]jtic axis, either as the refracting edge itself or as the 
perpendicular to that edge. These two varieties of jirisms have both been 
fully described in Chapter XXXIX. discu.ssing the passage of light 
through uniaxial crystals, and illustrated in Figs. 617 and 618 (p. 839). 

Such a prism, when arranged for minimum deviation, and when the 
goniometer-spectrometer is illuminated by monochromatic light, instead of 
yielding a single image of the Websky signal-slit as in the case of a cubic 
crystal or glass, affords two such refracted images (see Fig. 736, ]>. 998), 
which are the more separated the greater the amount of the double refrac- 
tion and the greater the angle of the prism. The double refraction is 
rarely so large as to prevent both being simultaneously visible in the 
field of view of the telescope. When the Nicol jirism is in position in 
front of the eyepiece of the latter, as it always should be when prisms 
of doubly refracting crystals are under investigation, it will be found that 
one of the two images extinguishes absolutely when the Nicol is arranged 
with its plane of vibration at O'", and the other also perfectly when the 
Nicol is rotated a right angle to its 90°-graduation. Both images will be 
visible at the 45'^ intermediate position of the Nicol, The image which 
is in view when the Nicol is at 90^ is usually weaker in intensity than 
the other which is seen at its maximum intensity when the Nicol is at 0®, 
owing to the light entering the crystal being partially already polarised 
at the reflecting surface, apart from the jiolarisation due to double 
refraction, with vibrations in the horizontal plane of incidence. This 
somewhat weaker 90“-image is due solely to the double refraction and 
corresponds to vibrations parallel to the vertical refracting edge of the 
prism. The stronger one which is visible at the O^-position of the Nicol 
corresponds to light vibrating perpendicularly to the edge but also in the 
bisecting plane. For the light passing through the prism parallel both 
to the imaginary triangular base and to the imaginary symmetrical third 
face (it being obviously unnecessary to cut these surfaces), as is always 
the case when the prism is arranged for minimum deviation, divides into 
two rays, both vibrating in the plane at right angles to the direction of 
transmission (the plane bisecting the refracting angle of the prism), the 
one along the vertical principal' axis (optic axis) of the crystal and the 
other along the direction perpendicular fhereto. That is, the two rays 
vibrate respectively parallel to the two axes of the optical indicatrix ; 
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one of these is the optic axis and the other may be anywhere in the circular 
section of the indicatrix, the latter being an ellipsoid of revolution in the 
case of a uniaxial crystal. The former ray vibrating parallel to the optic 
axis gives e, and the other vibrating parallel to the circular section gives a>. 
Which of the two corresponds to light vibrating parallel to the refracting 
edge of the prism depends, of course, on which of the two alternative 
modes of cutting the prism has been adopted. The author’s practice is 
to prepare six such prisms, three of each mode of cutting, in order to 
eliminate, in taking the mean values of all the results, all possible experi- 
mental or structural errors, which usually only affect one or two units 
in the fourth place of decimals. 

The image which is nearer to the direct reading of the signal-slit, 
that is, which is the less deviated, corresponds obviously to the smaller 
refractive index, o) in the case of a positive crystal and e in the case of 
a negative one ; the more deviated image corresponds to the larger refrac- 
tive index, € for a positive and co for a negative crystal. The angle of 
minimum deviation 8 is the only variable, for a the angle of the prism 
is the same for both. From the formula given in Chapter XXXVII. 
(page 816) for the calculation of the refractive index /z, namely. 


. a +8 



it will be clear that the index varies directly as 8, which only occurs in 
the numerator. 

When the first mode of cutting the prism has been adopted, that of 
Fig. 617, the refracting edge being parallel to the optic axis, the image 
which is alone visible when the Nicol is at 0® is formed by rays vibrating 
perpendicularly to the optic axis and to the refracting edge of the prism, 
and affords w. The other weaker image seen alone when the Nicol is at 
90® is afforded by rays vibrating parallel to the optic axis and to the 
refracting edge, and therefore gives €. 

When the second mode of cutting has been adopted, that of Fig. 
618, the 0®-image is formed by rays vibrating parallel to the optic axis, 
and corresponds to €. The 90°-image on the other hand is afforded by 
rays vibrating parallel to the refracting edge, as usual for a 90®-image, 
and also perpendicularly to the principal axis, and gives co. 

In order to arrive at a final result free from all possible slight errors, 
whether due to the crystal or to the measurements, it is advisable in 
preparing six prisms of each substance investigated, three on each plan, as 
above recommended, that the three prisms in each case should be orientated 
in three different positions about the optic axis, so that the value of w may 
be obtained for three different radii of the circular section. By so doing 
not only is the accuracy enhanced but absolute proof is obtained that the 
refractive index along different equatorial azimuths is really identical, and 
that, therefore, the equatorial Section of the optical indicatrix is in truth 
a circular one. 
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When the crystal is tetragonal two of the three positions should be 
those of the lateral rectangular axes, and the third one of the 46®-interaxe8. 
When the crystal is hexagonal or trigonal two of the positions should 
be those of two adjacent 60®-hexagonal axes, and the third one of the 
SO^-interaxes. The mean of all six results for each index may be 
confidently taken as the true value. The determination should in every 
case be made for the usual six wave-lengths of light. 

Biaxial Crystals. — If the crystal belong to the rhombic, monoclinic, 
or triclinic systems it will possess three refractive indices, namely, a the 
lowest expressing the refraction along the minimum axis of the optical 
indicatrix, now an ellipsoid of general form having three different 
rectangular axes, the intermediate index rcj)resenting the refraction 
along that rectangular axis of the optical indicatrix which possesses an 
intermediate length, and y the highest refractive index denoting the 
refraction along the maximum axis of the indicatrix. A 60°-pri8m, the 
bisecting plane of which contains two of these three principal axes of the 
optical ellipsoid, and the refracting edge of which is parallel to one of 
these two axes, will afford two of the three indices directly. Hence two 
prisms may be ground which between them will afford all three indices 
of refraction and one in duplicate. But a complete investigation should 
include the preparation of six such prisms, two affording a and two 
furnishing ^ and y, and two others yielding a and y. Bach index is 
thus obtained four times, and the mean value may be taken as the truth 
when the individual values are concordant. When the crystal is rhombic, 
the directions of the axes of the optical ellipsoid are known from the 
symmetry. If the crystal bo monoclinic, the orientation of the ellipsoid 
will have been ascertained by determinations of extinction with the 
aid of section-plates parallel to the symmetry plane. If triclinic, the 
more difficult determination of the position of the ellipsoid will have 
been achieved by making a number of extinction observations on a 
variety of section-plates or tabular crystals, and by the examination of 
the optic axial interference figures in convergent polarised light. 

The preparation of a 60°-prism from a rhombic crystal is especially 
simple. The zones of faces developed will usually enable the desired 
principal crystallographic plane, identical with a principal plane of the 
optical ellipsoid, and which is to be the bisecting plane ot the prism, to 
be adjusted at once, as also the direction of the crystallographic and 
optical axis which is to be the direction of the refracting edge of the 
prism. The case of a monoclinic crystal is nearly as simple, the rotation 
of the optical ellipsoid in the symmetry plane (that is, about the symmetry 
axis) being the only additional complication, and the setting of this can 
be readily carried out with the aid of the graduated adjusting movement 
provided on the cutting-and-grinding goniometer, including the use of the 
special GO^-prism-preparing adjusting apparatus. The plane of symmetry 
of the monoclinic crystal can usually be very readily set vertically, 
parallel to the axis of the goniometer and parallel also to the plane 
of the prism-cutting 120°-adju8ting-8egment ; it can then be rotated 
through the extiimtion angle by means of the upper ordinary adjusting 
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segment, so as to bring one of the two axes of the optical ellipsoid Ijing 
in the symmetry plane vertical, after which both faces of the 60°-pri8m 
can at once be ground in succession, without detaching the crystal after the 
grinding of the first surface, by merely rotating the large segment for 60® 
first on one side and then on the other side of the adjusted position. 

In the case of a triclinic crystal, when once the much more difficult 
task of discovering the orientation of the optical ellipsoid is achieved, 
the knowledge can at once be applied and experimentally translated on 
the cutting-and-grinding goniometer, and the necessary prisms cut or 
ground almost as readily as for a monoclinic crystal. 

The cutting-and-grinding goniometer thus enables the necessary 60®- 
prisms to be prepared for crystals of every variety of symmetry. It is 
consequently an invaluable instrument, providing as it does the means of 
directly determining the primary optical constant, refractive index, with 
ease and accuracy. It would be waste of time, in the author’s opinion, 
to dilate on other very much less accurate means of obtaining prisms of 
artificial or mineral crystals. Occasionally ])risms of 55°-65° angle are 
naturally available by the prismatic formation of the crystal itself, a 
couple of suitable faces of a prominent zone being especially well developed 
at an angle not too far removed from 60®. When the angle exceeds 65° 
there is danger of total reflection occurring within the crystal, and 
non-emergence of the refracted rays. Less than 55° brings down the 
accuracy somewhat. It is not a very frequent occurrence to find such a 
pair of faces fortunately placed, in relation to other faces present, as to 
permit of light passing through in the correct position for minimum 
deviation, but whenever it does happen, and the faces of the prism are 
such as yield excellent images of the signal, such a prism may well be 
used. Every effort should be made, however, to obtain at least the 
smaller grinding goniometer illustrated in Fig. 705 (p. 942), and if the 
larger apparatus shown in Fig. 702 (p. 933) can be procured, one is then 
in the position of being as well prepared for the cutting of the prisms 
of hard mineral crystals, as for the grinding of those of softer artificial 
chemical preparations. So fundamental is this constant, refractive index, 
as regards crystal optics, that the acquirement of one of these instru- 
ments is, in the author’s opinion, as important as the acquisition of a 
good goniometer itself. 

The actual determination of the refractive indices for a number of 
different wave-lengths of light is the same in all cases, and a description 
of the method of carrying it out will now be given. 

MeaBurement of the Angle of the Priem.— This is carried out precisely like the 
measurement of an ordinary crystal angle, as described in Chapter IV., on the gonio- 
meter which is being used as spectrometer, the crystal being mounted, however, wi^jh 
hard optician’s wax (softened for the mounting by warming) instead of the usual more 
pliable goniometer wax, on one of the usual crystal-holders. The adjustment of the 
crystal-prism for the angular measurement serves also to adjust it for the subsequent 
determination of minimum deviation. The author always employs the large Fuess 
No. lo goniometer, described in Chapter XXVI., and shown to the right in Fig. 734, for 
refractive index determinations, but the ordinary orystal-measurjng; Fuess goniometer 
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I No. 2a serves almost equally well, as shown to the left in Fig. 735. If, on examination 
of the prism during its adjustment for the measurement of the angle between the two 
ground and polished surfaces, the latter should be found insufficiently polished to afford 
a clear refracted spectrum or pair of spectra, and also in all cases of deliquescent or 
rapidly alterable crystals, the two surfaces may be covered with correspondingly 
small pieces of microscope cover-glass, selected, after testing their reflections on the 
goniometer, for true planeness of surface. The selected discs should be cut up carefully 
with a diamond into the dosiied small rectangular or other conveniently shaped pieces, 
and two of them cemented over the refracting surfaces with haid Canada balsam 
dissolved in benzene. In this case the crystal must bo allowed to remain in position 
on the crystal-holder for at least 24 hours, for the balsam to dry and sot ha^, after 
verifying that the glass jjlatcs have? been projK'rly attached and that the angle is 
not appreciably altered thereby, and that good refracted images of the signal-slit 
are now obtained. Provided great care has been taken to select good cover-glasses 
reflecting perfect single images of the Websky sht, the author has found no error to 
bo introduced by the use of such cover-plates, at any rate not greater than one or 
possibly two units in the fourth place of decimals of the refractive index, and this 
is entirely eliminated when the mean of the four values for each index is taken, 
and is anyhow less than the differences exhibited between the values yielded by 
different prisms of the same orientation, which often amount to three or four or even 
more such units. In tho great majority of cases, however, an adequate polish will 
be able to be given to the ground surfaces, by finishing with the polished glass 
polishing lap, moistened with either a trace of brick oil or, in many cases of artiBoial 
salts not very soluble in water, with tho moisture of the breath. 

Determination of Minimum Deviation. —Having adjusted tho crystal-prism and 
measured its angle in the usual manner with the aid of tho white-light goniometer 
lamp, it is next arranged for minimum deviation. The collimator and the circle 
being fixed, the telescope is rotated until it is in line with tho collimator, and the 
Websky signal-slit is then directly viewed through tho telesco];)© and its image 
adju8tt>d to the crossed spider-lines. This “ direct reading ” is then read off on the 
circle and recorded. Tlie crystal axis and tho telescope are next rotated, independently 
of the circle, until they are in tho position for probable minimum deviation, the 
telescope being some 30° to 40° away from the direct reading and the crystal-prism 
so arranged that light from the collimator shall bo refracted through it parallel to the 
imaginary third side and base of the prism and ent«r tho tele.scopo, as in Fig. 602 (page 
815) in Chapter XXXVll. The image of tho Websky slit broadened into a spectrum, 
or the pair of such spectra if the crystal be other than a cubic ono(.seo Fig. 736), will then 
1)6 seen (jn looking through the telescope after a few trials in shghtly varying positions 
of either crystal or telescope, and should then be adjusted absolutely for minimum 
deviation ; when thus adjusted the slightest rotation of tho crystal prism in either direc- 
tion will cause the image or images to move further away from tho direct reading. 

Tho whole apparatus as used by the author for the determination of minimum 
deviation is shown in Fig. 734. It consists essentially of tho spectrometer-goniometer, 
the monochromatic illuminator, and the electric lantern as source of light. Two 
accessories are left out, for the sake of showing tho essential parts more clearly ; one 
is a folding screen of thick cardboard, covered on tho outside with dark rod cloth 
and on the inside with black velvet, wliich surrounds the goniometer on three sides 
and efiectually screens off all stray light from the lantern, the room being otherwise 
dark ; the other is a white-light lamp, an electric (half- watt, thick filament, 120 
candle-power) glow lamp surrounded by a brass cylindrical shade, the latter pierced 
by a window of the same diameter as the collecting lens of the illummating tube 
of the goniometer (a continuation of the collimator) and at exactly the same height. 
This little lamp stands at the right-front comer of the base- board of the spectroscope, 
together with a switeh for it (see Figs. 725, p. 080, end 738, p. 1005, in which it is shown). 
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It will be observed that the lantern and spectroscope are arranged on a large table in 
the convenient positions for the illumination of the slit by the converging rays from 
the lantern condenser, filtered from the heat rays through a circular water cell two 



inches thick fitting in a short tubular recept%cle for it in the lantern front. The 
spectroscope is arranged to come up to the right-hand edge of the table, to which the 
goniometer is also brought up, so that the illuminating tube of its collimator may just 
fit into the diffuJlng tube in front of the exit slit of the spectroscope. This is a 
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very convenient mode of working, and particularly so inasmuch as it permits of the 
very ready use of the pulley-gear adjustment for the lantern arc. It is especially 
desirable that such a means should be available of absolutely centring the electric 
arc, for although the Brockio-Pcll or Oliver self-feeding electric arc-lamp so nearly 
maintains a constajit position, still in refractive index work it is a great advantage 
to be able to give it just the last touch of adjustment while actually observing the 
illuminated images of tho Wobsky slit. This the pulley gear enables the observer to 
do with his loft liand, while his right is free for tho goniometer, and the maximum 
light can be obtained at any critical moment without taking the eye from the telescope 
of the latter or rising from tho observing stool. 

Another arrangement, which the author has of late adopted, is shown in Fig. 738, on 
page 1006, which illustrates tho determination of refractive indices at higher tempera- 
tures. The lantern is mounted on its usual stand for projection and all other purposes, 
and the spectroscope also on its own stand, which is the same basal plinth as is shown 
in Fig. 734, but mounted on a special four-legged pedestal on castors. All the observ- 
ing instruments in the author’s laboratory have now been so mounted on separate 
stands, all of exactly such a height as brings tho optic axis of the instrument to the 
same level as that of tho projection axis of the lantern. Hence at any moment the 
spectroscope can be brought up to tho lantern, and fed with the rays from the electric 
arc, and any instrument in tho room can then bo brought up to the diffusing tube of 
the spectroscojK) and fed immediately with a stream of monochromatic light. 

In Fig. 735 is shown a simple way of determining refractive indices with the No. 2a 
goniometer, and the lime-light as source of light with which to feed the monochromatic 
illuminator. Very good work is possible even with this arrangement. An incandescent 
gas mantle is also employed instead of tho white-light electric glow lamp, it being 
assumed that no electric current is available. 

Whatever mode of disposition of the three essential parts of the apparatus for 
determining refractive indices is adopted, the following is the method of work : The 
finer of the two ground -glavss diffusing screens is used in tho diffusing tube in front 
of the exit slit of the spoctroscoiie, to diffuse laterally the monochromatic ribbon of 
light issuing from the latter, and tho condensing lens of tho illumination tube forming 
the prolongation of the collimator of the goniometer is brought almost close up to the 
ground-glass surface, shaded by the short tube carrying tho latter. Even a very 
small crystal prism, having only faces a square millimetre 
in area, when perfectly transparent (and no other should 
ever be selected if possible) yields monochromatic images 
of tho Websky slit of great intensity when the electric arc 
is the source of light, even although the opening of the 
exit slit (as well of course as of the entrance slit) is so fine 
as only to transmit the three-hundredth part of the visible 
spectrum. Tho pair of such brilliantly coloured images 
yielded by a prism of a doubly refractive crystal form 
magnificent objects in the field of view, changing their 
FiQ. 786.— The two Images colour and their positions as the prism circle of the mono- 
afforded^by**^a 60^-Prism chromatic illuminator is rotated so as to permit light of 
of a Doubly Refracting various wave-lengths in succession to pass through the 
exit slit. They are shown in Fig. 736, as seen separated 
at an average distance in the field of the telescope, one of them adjusted to the vertical 
spider-line for minimum deviation. 

When the double refraction is small, and the two images are consequently close up 
together, the setting of one of the im^iges to minimum deviation will usually suffice for 
both ; but when the images are fairly widely separated, corresponding to a larger 
amount of double refraction, the two images require to be set independently for 
minimum deviation. Hence, it is best to be on the safe side andlalways to set each 
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image for each wave-length employed truly to minimum deviation, or to verify the 
setting if no further adjustment is required. A mere trace of further adjustment is, 
as a rule, all that is required to make it perfect after the setting has already been 
achieved for the previous measurement of the position of the other image or for 
another wave-length. 

The process of ascertaining the minimum deviation for the various wave-lengths, 
say the six already specified as being conveniently spaced (red Li-light, bright red 
C-hydrogen, yellow Na, green Tl, greenish-blue F-hydrogen, and violet hydrogen 
near Q), is very simple, consisting of five operations. 

(1) The prism circle of the monochromatic illuminator is set to the reading for the 
particular wave-length it is desired to commence with, which may most conveniently 
be that corresponding to sodium light, as affording the most intensely illuminated 
images and being more or less centrally situated in the spectrum. 

(2) The Nicol prism in front of the eyepiece is set to its 46°-graduation, which 
permits both images of the Websky signal refracted by the crystal (assuming the latter 
to belong to one of the doubly refracting systems) to bo seen and approximately 
adjusted ; the Nicol is then rotated to its 0°-graduation, its vibration plane being then 
horizontal, the imago corresponding to which has already been pointed out to bo 
slightly more intense of the two images afforded by such a prism. This image, 
corresponding to light vibrations perpendicular to the refracting edge and in the 
bisecting plane of the prism, will now be seen at full intensity, while the other, cor. 
responding to vibrations parallel to the edge of the prism and to the 90°-setting of 
the Nicol, will be extinguished. This C’-image is then finally perfected as regards 
its setting to minimum deviation, that is, so that it is symmetrical to both spider-lines 
of the eyepiece, the vertical spider-line bisecting it longitudinally so that the central 
very narrow part of the Websky image is practically coincident with the line, a minute 
amount only of the image being here visible equally on each side, as shown in Fig 736. 
The slightest rotation either clockwise or anti-clockwise of the crystal axis of the 
goniometer should cause the image to move away from this setting for minimum 
deviation, and in the same direction, that of larger deviation, this atljustment of the 
telescope, and of its spider-line to the image, being the nearest that can be achieved 
to the direct-reading position. When the adjustment is thus perfect, the circle is 
read, and the reading recorded as that for minimum deviation for this wave-length 
and this image, corresponding to vibrations along the known axis of the optical 
indicatrix. Its difference from the direct reading of the Websky slit, when telescope 
and collimator were in the same straight line, is the minimum deviation angle required . 

(3) The Nicol is next arranged at its 90°-graduation, and similar operations are 
carried out on the second (slightly fainter) image then transmitted, the vibrations of 
which are parallel to the refracting edge of the prism, and to that axis of the optical 
indicatrix parallel to which the edge has been cut. 

(4) Leaving this 90°-image adjusted, the circle of the spectroscopic illuminator is 
then rotated to the graduation corresponding to the next wave-length for which 
observations are to be made, say red C-hydrogen light, and the image placed at 
minimum deviation for this, by making use of the fine adjustment of the goniometer 
telescope, the circle and collimator remaining fixed as all through these determinations 
of minimum deviation. The amount of fine adjustment given with the telescope 
of the No. la goniometer is ample to enable all the images to be brought to the 
cross-wires by its use, after one has been set to minimum deviation, except in cases 
of extremely high dispersion and very large difference of the two refractive indices. 
After also next rotating the Nicol back to its 0®-po8ition and taking the minimum 
deviation reading of the other image when set to its minimum deviation, the 
spectroscope circle is again moved on and set foF the issue of light of the next wave- 
length, say Li-Ught, for which a similar pair of minimum deviation readings are taken. 
In like manner rea^ngs are subsequently taken for the positions of the two images at 
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minimum deviation for settings of the spectroscope circle for the issue of Tl-light, 
F-light, and violet hydrogen light. It may also occasionally be desired to supple- 
ment these readings by those for other wave-lengths. 

(6) At the conclusion of the set of observations of minimum deviation for all the 
six or more wave-lengths on this side of the direct reading, the telescope is rotated, 
first to the position of the direct reading itself, the circle being read to confirm and 
verify this reading, and then to the symmetrical position on the other side of the direct 
reading ; the crystal axis is also correspondingly rotated till the light is incident on 
that face of the prism which had formerly been the face from which the light had 
emerged, and a duplicate of the whole series of operations is carried out. The mean of 
the values of minimum deviation obtained on the two sides of the direct reading, for 
each of the two images corresponding to the two vibration directions, and for each 
wave-length of light, is taken as the true angle of minimum deviation for that vibration 
direction and wave-length, any error of setting to minimum deviation, or in taking 
the direct reading, being thereby eliminated. There should never be more, at 
the very most, than throe nimutes of difference between the corresponding angle of 
minimum deviation for the same index-image and wave-length for the two sides of 
the direct reading. In the vast majority of cases the values will be identical, or 
at most differ by one minute of arc. 

The mode of concisely setting down the observations may bo best illustrated 
by the record of an actual determination of the refractive indices of a doubly refracting 
substance, say of ammonium magnesium sulphate, the substance taken in Chapter 
XVII. as the example of monoclinic symmetry. On the left-hand page of the note- 
book the simple record of the observations is conveniently given, and on the right-hand 
opposite page the corresponding calculations are worked out, in accordance with the 
formula : 



Instead of the general symbol of the refractive index however, the specific symbols 
of the three refractive indices a, jS, y will of course be given. 

Determination of Refractive Indices of Am-Mg Sulphate, (NH4)2Mg(804)2 • fiHgO. 
— ^The prism employed was ground with a refracting angle intended to be 64° (32° 
each side of the bisecting plane), a favourable angle for this salt. On goniometrical 
measurement after grinding and polishing on the cutting-and -grinding goniometer the 
angle actually proved to be 64° 2'. The refracting edge of the prism was parallel to the 
axis 7 of the optical indioatrix, the first median line or acute bisectrix of the optic 
axial angle. Vibrations parallel to the refractive edge are afforded with the Nicol 
at 90°. 

The other vibration direction was that of the axis of the indioatrix, the symmetry 
axis 6 of the crystal. Vibrations parallel to this direction are transmitted by the 
Nicol when arranged at its 0°-graduation. 


[Table 
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Experimental Data. 


Angle of Prim, a =64° 2*. Direct reading of slit : 193° 57'. 
Circle Readings for Minimum Deviation. 



Telescope on left of Direct Reading. 

Telescope on right of Direct Reading. 


Nlcol at 0" 0). 

Nlcol at 00“ (y). 

Nicol at 0“ 0). 

Nicol at 00" (y). 

Li 

232° 20'-o 

232° r)3'-5 

166° 34'-6 

155° l'-6 

C 

232 22 

232 60 

166 32 

156 0 

Na 

232 37 

233 10 

156 17 

154 44 

T1 

232 52 -5 

2.33 26 -6 

165 2 -6 

164 29-6 

F 

2.33 11 

233 42 

154 45 

164 12 

G 

233 37 

234 10 

154 19 

153 46 


Experimental Data {continued). 
Angles of Minimum Deviation, 5. 



For Nlcol at 0®, ^-Image. 

For Nicol at 90", ylmage. 

Light. 



... ... 






Left. 

Right. 

Mean. 

Left. 

Right. 

Mean. 

Li 

38° 23'-5 

38° 22'-5 

38° 2.3' 

38° 66'-5 

38° 56'-6 

38° 66' 

1 C 

25 

26 

25 

59 

57 

68 

1 Na 1 

40 

40 

40 

39 13 

.39 13 

39 13 

T1 

55 -5 

54 -6 

65 * 

' 28-5 

27 -5 

28 

F ! 

39 14 

39 12 

.39 13 i 

46 

45 

46 

G 

40 

38 

39 1 

40 13 

40 11 

40 12 


Calculations. 

“ = 32° r. Log. sin 32° 1' = 1-72441 =a. 


I For ^-index (Nlcol at 0°). For y-lndex (Nicnl af OU^). 


Light. 

a-t-fi 

2 ■ 

T 1 

Log. sin 2 "ft- 

&-a=»Log. 

2 ■ 

Log. gin *^^=6. 

ft-fl-Log. y. 

Li 

61° 12'-6 

1-89178 

1-16737 ' 61° 

29' 

J-89344 

1-16903 

C 

13 6 

89188 

16747 

30 

893.64 

16913 

Na 

21 

89264 

16823 

37 -5 

89430 

16989 

T1 

28 -6 

89339 

16898 i 

45 

89505 

17064 

F 

37 -6 

89430 j 

16989 1 • 

53*6 

89589 

17148 

G 

60-6 

89559 

17118 62 

7 

89722 

17281 


L L 
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Results for Refbaotive Indices p and y. 


Light. 

P. 

1 1 

y- 

U 

1-4702 

1-4768 

c 

1-4705 

1-4761 

Na 

1-4731 

1-4787 

Tl 

1-4766 

1-4813 

F 

1-4787 

1-4842 

G 

1-4831 

1-4887 


A similar series of observations with a second prism, ground to afford a parallel 
to the refracting edge and /3 for the other index, 3delded the following values, from 
which will be seen the kind of concordance of the values of the common index, /3 
in the case of this pair of prisms, which may be expected from complementary prisms 
prepared with the aid of the cutting-and-grinding goniometer : 

Values of a and j8 from Second Prism. 


Liffht. ' a. I fJ. 

Li 1-4688 I 1-4701 

C 1-4692 1-4706 

Na 1-4719 1 1-4730 

T1 1-4742 1-4765 

F 1-4773 1 1-4784 

G 1-4817 1-4829 


The maximum difference between the two values of (i for any wave-length is 
0-0003, which only occurs once, the differences in four cases being only 0-0001 or nil. 

Besides these two prisms four others were also employed, two pairs, each pair 
yielding all three indices, as in the case of the pair quoted. It will be of interest 
to give the final values of the three refractive indices derived as the final moan values 
for all six prisms, from which the relation of the values derived from this one pair 
to the results of the whole series of observations will be seen. 


Refractive Indices of Ammonium Magnesium Sulphate 

DERIVED FROM THREE PAIRS OF PrISMS. 


Light. 

a. 

P. 

■y- 

Li 

1-4686 

1-4701 

1-4766 

C 

1-4689 

1-4706 

1-4760 

Na 

1-4716 

1-4730 

1-4786 

Tl 

1-4740 

1-4756 

1-4811 

F 

1-4771 

1-4786 

1-4842 

G 

1-4814 

1-4831 

1-4888 


The maximum difference of an^ individual value from the final mean of all is 
again only 0*0003, which occurs four times. In all other oases it is less, and in seven 
oases the values are identioal. This is a quite typical series o^ observations, and 
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indicates how satisfactorily the 60’’ -prism method works when the prisms are prepared 
with the aid of the cutting-and-grinding goniometer. 

As regards the angle of the prism, 60° is an average convenient size. It will be 
observed, however, that the angle was 64° in the example quoted. This value, exactly 
32° on each side of the bisecting principal plane of the optical ellipsoid, is especially 
convenient with, substances like ammonium magnesium sulphate, of weak double 
refraction. For the whole 8])ectrum still clearly emerges, and tho accuracy is enhanced. 
On the other hand, in cases of exceptionally high refraction an angle somewhat less than 
60° is safer, and as low as 65° is best in extreme cases, owing to the danger with a 
prism of 60° of the critical angle of total reflection being exceeded in the interior 
incidence on the second face of the prism, with possibility of non-emergence of at least 
a part of the spectrum. In cases of very low double refraction the angle may be 
increased even up to 68° or 70° without such danger. Whatever the angle, however, 
it must be bisected by a principal plane of the optical ellipsoid, that is, in grinding the 
prism the crystal must be rotated for an equal amount on each side of that plane in 
order to grind the two refracting surfaces. Those considerations as to the favourable 
angle must bo remembered in deciding as to the possibility of tho use of a naturally 
occurring prism, as already referred to on page 994. 

Occasionally, in tho cases of rhombic substances the crystals of which are too small 
for convenient cutting, and of which there are no naturally formed prisms of 60°-70° 
symmetrical to a principal plane of the ellipsoid, it may happen that a natural prism 
not exceeding 36° in angle may bo formed by two predominating faces on one or more 
of the crystals, ^ho one a pinakoid face iiarallel to a principal plane of the ellipsoid and 
the other a face of a prismatic or domal form also parallel to the same axis of the ellip- 
soid as the pinakoid face, the refracting edge being thus parallel to that axis. Such a 
case, shown in Fig. 737, can be utilised for the determination of those two of the three 
refractive indices the vibrations corresponding to which are parallel to tho refracting 
edge and to the axis of the ellipsoid perpendicular to the latter, lying also in the 
pinakoid face. The only conditions are that the light shall be incident normally 
on the pinakoid face and that the refracting edge shall, as usual, bo adjusted parallel 
to the goniometer axis. The prism then 
behaves as one half of an ordinarily cut 
60°-70°-prism, the rays traversing it 
parallel to tho imaginary third side 
(perpendicular to the pinakoid face) 
and base. The measured angle of this 
prism and the measured angle of minimum 
deviation for any wave-length, will be half 
of o and 5 respectively, as will be clear on 
comparing Fig. 737 with Fig. 602 (p. 816), 
and from the obvious facts that the prism 
angle is half that of the normal case and 
that the light rays are refracted once 
instead of twice symmetrically, no refraction occurring at the pinakoid face with 
normal incidence. Hence to got the a and 5 of the ordinary formula we double the 
measured angles throughout. 

To set such a prism with its pinakoid face absolutely normal to the incident rays 
from the collimator, it is only necessary to set the telescope and collimator at exactly 
90° angle with each other (setting them first in line and adjusting as for the direct 
reading, then rotating the telescope 90°), to adjust to the spider-lines the image of the 
signal reflected from the pinakoid face, and thei^ to bring the collimator 46° round 
nearer to the telescope, when its axis will be normal to the face in question. Both 
collimator and prism must then remain fixed during the observations of minimum 
deviation. ^ 
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Determination of Retractive Indices at Higher Temperatures. — 

This can be carried out very satisfactorily with the No. la Fuess 
goniometer and its crystal-heating arrangement described in Chapter 
XXVI. Full details were given in that chapter of the mode of measuring 
crystal angles at temperatures up to 200° C. by use of this apparatus, 
and the measurement of the angle of the prism is carried out in the same 
manner as that of an ordinary crystal angle. One or two limitations, 
however, are imposed by the experimental conditions at higher tempera- 
tures, compared with the greater goniometrical freedom at the ordinary 
temperature, when the heating bath and supports are out of the way. 

The telescope will usually be arranged to point to that side window 
of the air bath which is inclined at the smaller angle of 40° to the direct- 
reading position. For this window permits the refracted images of the 
signal derived from the prism set to minimum deviation to be viewed 
by the telescope, while the window at 55°, which is used for ordinary 
crystal-angle measurements, only does so in the cases of very highly 
refractive substances. That window which best suits the amount of 
refraction preliminarily observed to be possessed by the crystalline 
substance under investigation must obviously be used, and in most 
cases this will be the one at 40°. The crystal requires to be particularly 
carefully adjusted on the special movable -button crystal -holder, on 
which it is gripped either by the two pins or by an improvised clip cut 
out of platinum foil to suit the shape of the crystal-prism and held 
between the jaws of the miniature vice carried by the button. The 
adjustment of the crystal and of the bath, as regards both centring of 
the crystal within it and the positions of the windows, must be carried 
out so that both the reflected and refracted images of the Websky signal- 
slit of the collimator can be viewed equally well through the telescope, 
and are not cut off by the bath wall adjoining the window. Moreover, 
it is only convenient to work on one side of the direct reading, there 
being only one window at 40° and one at 55°, one on each side, Care 
must be taken also in the centring of the crystal - prism, that the 
thermometers shall not be touched by the latter or its holder on 
rotation, as this would upset the adjustment. 

With these limitations the process is as described in Chapter XXVI. 
as regards the measurement of the angle of the prism, and as described 
in the previous part of this chapter as regards the determination of the 
angles of minimum deviation for light of the usual six wave-lengths. 
The whole apparatus as actually arranged during a series of observations 
is shown in Fig. 738. 

It is convenient and saves time to proceed in the following order : The collimator 
is fixed and its direct reading taken by the telescope, the circle being also fixed. The 
erystal'piism is then adjusted to minimum deviation at the ordinary temperature, 
and the telescope rotated round to the necessary position for viewing the refracted 
images at minimum deviation, and clamped there, so that the middle of the spectrum 
corresponds to the middle of the range of the fine adjustment. The Nicol in front of 
the analyser is conveniently arranged at its 46'’-po8ition during these preliminary 
adjustments, so that both refracted images can be seen at once, ilefore proceeding to 
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the measurement of the prism angle the Niool is arranged at 90°, for which position the 
reflected light is a maximum, such light as is polarised by reflection from the incident 
face of the prism vibrating parallel to the refracting edge, and therefore being trans- 
mitted by the Nicol when its vibration plane is at 00° ; whereas more or less extinction, 
complete when the angle of incidence happens to be the polarising angle, of the reflected 
light occurs when the Nicol is at 0°. When it has been arranged that the two reflected 
images from the two prism faces, and also the refracted images, are properly visible in 
the telescope by rotation of the crystal axis, using ordinary white light, the reflected 
images from the two faces of the prism can be brought and accurately adjusted to the 
spider-lines and the readings for the angle of the prism taken. For this purpose it is 
necessary to loosen the circle and fix it to the crystal axis instead. The telescope and 
collimator are loft clamped to the fixed stand and not touched during the measurement 
of the prism angle. Hence the same value of the circle for the direct reading can 
be recorded when proceeding to the determination of minimum deviation, and also 
the telescope is ready at the position for seeing the images at minimum deviation. 
The whole goniometer and its accessories are then arranged in front of the spectro- 
scopic monochromatic illuminator, as shown in Fig. 738, the illumination tube of 
the goniometer just entering the diffusing tube of the spectroscope, until the 
condensing lens nearly touches the ground-glass screen, the finer of the two screens 
being used. 

The circle of the spectroscope is arranged first for the exit of light of the wave- 
length of the sodium rays, and the images are again reviewed and the measurement of 
the angle of the prism in sodium light repeated, in order to be quite sure that the 
adjustments have not been impaired by moving the goniometer. The electric arc 
should, of course, be regulated with the aid of the pulley gear so that the images are 
illuminated with their maximum intensity. The prism is then again set for minimum 
deviation, with the Nicol at first at 46° so as to view both images, supposing the 
crystal to be a doubly-refracting one ; a couple of measurements of minimum deviation, 
with sodium light, for each refracted image, with the Nicol at 0° for the one and at 
90° for the other (the vibrations being respectively perpendicular and parallel to the 
refracting edge), may then be carried out, in order to verify that the values for this 
wave-length for the ordinary temperature, the reading of the thermometer for which 
is noted, are identical with those already obtained. Greater confidence is hereby 
imparted to the subsequent comparison of the indices at the ordinary and the higher 
temperature. 

The heating can then be proceeded with, and after constancy at the required 
temperature has been attained the observations are repeated, as complete a sot being 
taken as possible, beginning with the angle of the prism in sodium light and the angles 
of the minimum deviation for the same wave-length, and going on to include minimum 
deviation determinations for the other usual wave-lengths, at any rate for Li-light, 
C-light, Tl-light, and F-light. G-images are usually too feeble as seen through the 
glass windows of the bath, owing to the loss by lopeated reflection. It is important to 
finish with a final couple of readings for the positions of the reflected images from the 
two faces, in order to be assured that the angle of the prism has remained constant 
during these observations of minimum deviation at the higher temperature. If it has 
not, another set must be taken, going on if necessary until such is the case. When the 
precautions for the procuring of constancy of the temperature are taken, which were 
recommended in Chapter XXVI., the angle of the prism will be found to have remained 
likewise constant. 

Many artificial crystals, those of our example ammonium magnesium 
sulphate for instance, which (fontains six molecules of water of crystal- 
lisation, will not permit their refractive indices to be determined with 
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safety at temperatures approaching near 100° C., owing to loss of water 
and ensuing opacity, unless their ground and polished surfaces are 
covered with balsam-cemented glass plates, of the miniature kind already 
described. But it is quite possible to obtain satisfactory determinations 
with covered faces, provided the very minimum of hard balsam in 
benzene be employed to cement them on to the faces of the prism, and 
that it has been allowed to dry and harden for several days before the 
determination is attempted. Such glass plates do not usually move during 
an observation at a temperature as high as 80°, although the balsam of 
course softens, and the fact that the values of the prism angle, obtained 
before and after the determinations of minimum deviation at this 
temperature, are identical is a guarantee of no movement. If any 
movement should occur, the observations must be repeated till none is 
observed. Such cases of difficulty are usually overcome with patience 
and a little extra trouble, and satisfactory observations generally obtained 
even although it may be necessary to re-cement the plates with less 
balsam (the thinnest possible film being the desideratum) and to wait a 
few days longer for hardening. 

In the case of the prism of ammonium magnesium sulphate affording 
and y, for which the ordinary temperature results were quoted on page 
1002, the following results were obtained for the temperature of 70° : 


Refractivb Indices of Ammonium Magnesium Sulphate at 70°. 
AngU of Priam before Observations of Minimum Deviation, 63° 67\ 


] Minimum Deviation Angles. 

Light. 


I y- 





Li 

38° 8' 

38° 39' 

C 

38 10 

38 41 

Na 

38 24 

38 66 

T1 

38 38 

39 11 

F 

i 38 66 i 

1 1 

39 29 


Angle of Prism after Observation of Minimum Deviation, 63° 57'. 



Refractive Indices derived from above.! 

Light. 

P- 

y- 

Li 

1-4684 

1-4737 

C 

1-4688 

1-4741 

Na 

1 1-4712 

1-4767 

T1 

I 1-4736 

1-4792 

F 

1-4766 ! 

1-4823 


It will be observed that these values are about 0-002 (ranging from 0-0017 to 
0-0021) less than^those afforded by the same prism at the ordinary temperature, 
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as given on page 1002, the usual effect of rise of temperature being to diminish the 
refraction. The rule is, however, by no means absolute for solids, although it is 
rigidly valid for liquids and gases. For instance, it was shown by Rudberg and 
Fizeau that the refractive indices of calcite and certain kinds of glass increase with 
rise of temperature. ^ 

A second prism yielding a and y gave results for y practically identical with those 
afforded by the prism the results for which have just been quoted, while for o the 
following values were given ; 


Light. 


a. 

Li . 


. 1-4671 

C 


. 1-4675 

Na . 


1-4700 

T1 


1-4725 

F 


. 1-47.57 


This example concludes the discussion of the essential details of the practical work 
on the determination of the refractive indices of a crystal by the prism method. 

General Formula for Refractive Index.~The refractive index fi of 
an isotropic crystal or other transparent substance, or any one of the 
refractive indices of a doubly refractive crystal, may be expressed for 
any wave-length A of the spectrum by the well-known general formula 
of Cauchy, the theoretical explanation of which has been given on page 
819 in Chapter XXXVII. : 

A B C 

lx = X+^+^,+ 

in which A, B, and C are constants characteristic of the specific substance. 
In order to determine them it is necessary to determine fi for three 
wave-lengths, which may conveniently be red C-hydrogen light, yellow 
sodium light, and green thallium light; these are three of the six 
wave-lengths for which it has been recommended in this book that the 
determinations of the optical constants should always be made. The 
three values of /x and the three wave-lengths corresponding are then 
inserted in three equations of condition of the above form, as below, 
and these equations are subsequently solved for A, B, and C ; 

A B Cl 
. B C 



The solution of these equations is no light matter, and it may save 
other workers much valuable time to give here the values of the 
invariable portions of the calculation, and the simplest possible expres- 
sions for the three constants invt)lving these invariables. The expressions 

^ See Ostwald’s Lehrbuch der atlgemeinen Chemie, 1891, vol. 906. 
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were found by the method of determinants, and as well as the invariables 
have been tested times innumerable, and their accuracy proved by the 
absolute manner in which the refractive indices are reproduced by use 
of the formula calculated with their aid. The wave-lengths employed 
were practically identical with those given in the table on page 798. 


Table of Wave-lengths, their Squares, and 4th-power Values. 


Nature of Light. 

A. 

A*. 

AL 

Red Li .... 

6705 

44967025 

2021134096850625 

Red C, Ha, = x^ . 

6562 

43069844 

1854150165304336 

Yellow Na, = X 2 . 

6892 

34715664 

1205177326960896 

Green Tl, = X 3 

6348 

28601104 

818023360018816 

Greenish-blue F, H/i 

4861 

23629321 

658344810921041 

Violet H 7 . 

4340 

18835600 

364779827360000 

Extreme Red A-line 

7604 

57820816 

334316240000000 


Solving the three equations in their 83 nmbolic form above given, by detenninants, 
A works out to an expression which eventually simplifies to the following, which is 
a particularly convenient form : 

K 

Xi^-V " v-V 

Ml Ms 

Calling these throe fractions k^, and k^ respectively, we have : 

A-ki-k^ + ky 

The two other constants are then very simply expressed as follows : 

B - - iW + V) - W + V) + X,*)} , 

C = ki\%^ - k2\%^ + 

In these expressions the top halves of ki, k^, and k^ are invariablos, and their 
values are given once for all in the next table. There are also given in the table 
the sums and the differences of the squares of each pair of wave-lengths, and also 
their products. With these values taken from the table, the calculation of A, B, and 
C is merely one of simple arithmetic. Having obtained A, B, and C, they can be 
checked by calculating the refractive indices for the three wave-lengths used in 
obtaining them, from the formula, the squares and fourth powers of the wave-lengths 
being taken from the first table. The indices should be reproduced to the last unit 
in the fourth place of decimals absolutely, if no arithmetical blunder has been made. 
The reproductions may also be extended to the refractive indices of the other three 
wave-lengths experimentally used, and also for wave-length A at the beginning of 
the spectrum if desired, as was usually done by Gladstone and Dale in their well- 
known work. The reproduction should occur absolutely for Li-light, that for F-light 
to within one or two units in the fourth place of decimals, while that for violet 
hydrogen light near G of the spectrum may be much out as one unit in the third 
place, as a further term would be required in the formula to afford the refractive 
index absolutely for this more distant part of the spectrum. 

VOL. II • 


S 
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Table of Invariables. 


Required for 
Calculation of -. 

Ist Terra. 

2nd Term. 

3rd Term. 


^ = 222208793 

1446874 

X 2^!*p = 197099599 
Xi2-X^ = 8344180 

xjs-xjs = 6114560 

B . . . 

Xj2+Xa® =63316768 

Xj2 + X32 = 7 1660948 

^ Xi2 + X„2 = 77776508 

C . . . 

X2*V = 992906316 

Xi*Xa2 = 1231559076 

Xi“X22 = 1494861076 


Only significant figures have been included in the table. As the refractive indices 
and Ma have four places of decimals, and k^ must bo likewise worked out 
to four places of decimals, the numbers of figures in the in variables given being just 
adequate for this to bo done accurately. The result for A will consequently have 
four decimal places. The invariables given for B are also such that on multiplying 
by ^1. ^2» or k^ the result will have four places of decimals. After obtaining the final 
result for B the decimal places can be struck off, as B is only required to whole numbers. 
It is usually a six-figure quantity. It must be remembered that the sign of B is 
negative, so that if the value inside the largo bracket works out to be negative, as it 
usually does, the middle term being larger than the sum of the first and third terms, 
the actual value of B is positive. As regards C, the invariables given have six fewer 
figures than correspond to their real value, the six right-hand end figures having been 
struck off as giving unnecessary labour, for they do not influence the result. Hence, 
after multiplying the product of two wave-length squares by k^, k^, or k^, which have 
the usual four decimal places, wo require to add two ciphers (6-4) to the end result 
for C, in order to obtain its real value. It generally has 111 figures, although sometimes 
only 12, which should be spaced in threes for clearness. Of the 13, the first 5 are alone 
of significance, and after expressing the fifth to the nearest whole number the rest 
can be left as ciphers. The sign of C varies. 

An example will now bo given to render all quite clear. The case of the /3 refractive 
indices of monoclinic ammonium zinc sulphate, (NH4)2Zn(S04)2 . 6H2O, will be taken. 

The observed refractive indices wore : for red C-hydrogon light 1-4904, for yellow 
sodium light 1-4930, and for green thallium light 1-4967. 

If it bo desired that the Oauchy formula should represent the true refractive index 
in vacuo, those numbers, as taken from the published table of the refractive indices 
of the salt,^ should be corrected to a vacuum before use, the correction being usually 
-f- 0-0004. For the refractive index of air (for light passing from a vacuum into air) 

. a -l-S 
sin - - 

is 1-00029, and the observed refractive indices given by the formula fi- — 


(p. 816) require to be multiplied by this in order to obtain the refractive index for 
a vacuum. Now 1-4904 x 1-00029 = 1-4908. Hence, +0-0004 being the correction, the 
three refractive indices actually used were : 

Ml = 1-4908, M2 = 1-4934, M3 = 1-4961. 

Finding the values of k^, and fc, with the help of the table of invariables we have : 
iS;, =222208793 +^j.^^®g^=22-9113. 


1 Journ. Chem. Soc., 1906, 87, 1144. 
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= 197099699- 


8344180 
1-4934 ' 


36-2769, 


fca = 56576392 


^6114660 
* 1-4961 


-13-8430. 


Hence A^k^- ifcg 22-91 13 -36-2769 + 13-8430 - 1-4784. 

Proceeding next to find B, using these values of ki, k^, and k^ and the table of 
invariables we have : 

hiK^ -fXa*) -22-9113 X 63316768 = 1450669466-6784 (1) 

MV +V) = 35-2759 X 71660948 = 2527904436-6632 (2) 

+ K) = 13-8430 X 77776508 = 1076646367-2440 (3) 

Then B = - {(1) -(2) + (3)} =588611-6308, or 688612. 

Similarly to find C wo have : 

=22-9113 X 992906316 = 227487744777708 (4) 
i-aX^-Xa® = 35-2759 x 1231559076 = 434443548090684 (5) 

Mi'Xa- - 13-8430 x 1494851076 = 206932234450680 (6) 

Tlien C = (4) - (5) -f (6) = - 23668862296. 


Adding two ciphers to this result for C, as already explained, and retaining only 
the first five significant figures, we have for the significant value of the constant C ; 

C - -2 356 900 000 000. 

The general formula expressing the refractive index ^ of ammonium zinc sulphate 
for any wave-length X is thus : 

588 612 2 356 900 000 000 , 

/J = 1.4784+ +.... 

The proof that this formula is correct is that it reproduces the original refractive 
indices for C-light, Na-light, and Tl-light, when the squares and fourth powers of 
those wave-lengths, given in the first table, are inserted, and the constants B and C 
divided by them. In doing this division only the first four or five figures of the 
squares and fourth powers are significant and need bo used, so that the reproducing 
calculations are only the work of a minute or two. The reproduced values thus 
actually calculated by use of the formula are given below : 


Li«ht. 

Reproduced Values. 

Observed Values. 

Li 

1-4904 

1-4904 

C 

1-4908 

1-4908 

Na 

1-4934 

1-4934 

T1 

1-4961 

1-4961 

F 

1-4991 

1-4994 

G 

1-6030 

1-5040 


The only deviations from absolute reproduction are thus observed, as expected 
when only three terms are used, as the blue end of the spectrum is approached, being 
0-0003 for F-light and 0-0010 for violet hydrogen light near G. 

It is unnecessary to calculate three separate formulie for the three refractive indices 
a, and 7 of a biaxial crystal, or for the two w and c of a uniaxial one, one calculation 
for j 8 sufficing in the former case, and one for the ordinary ray w in the latter case. It 
is then only necessary to decrease and increase the constant A by the amount of ^ - a 
and 7-/3 respectively, or to alter it by « e, for sodium light in each case, in order to 
reproduce the other indices practically as well as /3 or «. For the difference of dis- 
persion rarely excels a few units in the fourth decimal place. Thus, in the case 
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of our example, the a-indices of ammonium zinc sulphate are reproduced when the 
constant 1-4784 is diminished by 0-0042, and the y-indices when it is increased by 
0-0064, as absolutely, within 0-0002, as in the case of |9. 


Detennmation of the Specific and Molecular Optical Constants — 

An investigation of the optical constants of a series of chemical salts 
such as an isomorphoiis series, or other definitely related set of com- 
pounds, is not complete unless it includes the calculation of the molecular 
refraction and dispersion, in which besides the refractive index the 
specific gravity of the crystals is taken into consideration, as well as the 
molecular weight of the substance. In other words, molecular refraction 
is the combination of the refractive index and the molecular volume. 
As two kinds of formulae are in current use for the expression of these 
optical constants, those of Lorenz and of Gladstone and Dale, and as 
both have their special value and usefulness, it is advisable that the 
calculations should be made by means of both formulae. It will be 
adequate, however, as a rule for all practical purposes to give tlie complete 
set of Lorenz calculations, and only the molecular refraction for red 
C-hydrogen light in the case of the Gladstone formula, as this quantity 
is that which has the special usefulness. The formula of Lorenz was 
obtained from theoretical and mathematical considerations, based on the 
electromagnetic theory of light, while the formula of Gladstone was a 
purely arbitrary one, which was found to express the experimental facts. 
It is singular that experience has shown that there is little to choose 
between these formulae, each having their excellences and their slight 
drawbacks, but as far as the purpose for which the crystallographer 
employs them is concerned, to exhibit the optical relationships of related 
molecules, the drawbacks referred to are inoperative, and so either or, 
better still, both formulae may be used, confirming the truth of such 
relationships by the agreement of their indications. 

The Specific Refraction according to Gladstone and Dale is the 
refractive index /x, minus unity, divided by the density d, that is, 

d * 

The Molecular Refraction is this expression multiplied by the 
molecular weight M, or ^ 


The quantity u -1 was termed by Gladstone and Dale the “ refractive 
energy ” and ^ ^ ^ the “ specific refractive energy.” 

„ 2 - 1 

The specific refraction according to Lorenz is afforded by 

which represents, in accordance with the electromagnetic theory of light, 
the relation between the velocity of transmission of light and the density 
of the medium through which it is propagated. The molecular refraction 
is this quantity multiplied by the molecular weight of the substance, 


/x2 + 2 
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The Specific Dispersion is the difference between the values of the 
specific refraction for two rays near the two ends of the spectrum, 
generally C red hydrogen light Ha and the violet hydrogen ray Hy near 
G of the spectrum. 

The Molecular Dispersion is the difference between the values of the 


molecular refraction for the same two rays. 

The mean molecular refraction of the crystal is the mean of the values 
of the molecular refraction corresponding to all three indices a, and y, 
taken for the same wave-length of light, in the case of a biaxial crystal, 
and in the case of a uniaxial crystal it is one-third of the sum of the value 
for the extraordinary index and twice the value for the ordinary index, 


that is in the two cases respectively we use 


a+^ + Y 


An example will be given to illustrate clearly the mode in which the 
results are set forth, taking the case of the same salt, ammonium zinc 
sulphate, crystallising in the well-known monoclinic series, as was used 
in the calculation of a general formula for the refraction. In the table 
the symbol n is used for the refractive index instead of /x, in accordance 
with the continental practice, as the memoir^ from which these results 
arc taken was published in both England and Germany. 


Refractive Indices and Molecular Optical Constants of 
Ammonium Zinc Sulphate, (NH4)2Zn(S04)2 . GHjO. 


Refractive Indices. 


Index. 

Nature of Light. 

Vali'cs of Index. 


Li 

1-4858 

1 

C 

1-4862 

Vibrations parallel to \ 

Na 

T1 

1-4888 

1-4914 

2 nd median line. 

F 

1-4947 

1 

G 

1-4992 


Li 

1-4900 


C 

1 4904 

P* 

Vibrations parallel to ■ 

Na 

T1 

1-4930 

1-4967 

symmetry axis. 

F 

1-4990 


G 

1-5036 

1 

Li 

1-4963 


C 

1-4967 

-V 

7- 

Vibrations parallel to < 

Na 

Tl 

1-4994 

1-6021 

1st median line. I 

F 

1-6066 

1 

G 

1-6102 


Mean of a, and 7 for Na4ight = 1-4937. 


^ Journ. Ch^. Soc., 1906, 87^ 1145 ; Zeitschr. fiir Krysl., 1906, 41, 341. 
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Molecular Optical ConeUinis 


Axis of optical indicatrix 

a. 


7- 

Specific refraction, 

/C 0-1487 
• {G 0-1620 

0-1497 

0-1532 

0-1614 

0-1649 

Molecular refraction, ”, i ^ =m 
-h 2 d 

)G 69-27 
• {G 60-62 

69-71 

61-07 

60- 36 

61- 74 

Specific dispersion, Hq - itc • 

0-0033 

0 0036 

0-0035 

Molecular dispersion, nt q - mo 

1-35 

1-36 

1-38 

— 1 

fC 100-34 

101-21 

102-61 

Molecular refraction, , M . 

d 

■ ( Mean of 

a, /3, and y, 101-35 

The density of the salt at 20° 

compared with that of water at 4°, 


which was used in the calculations, was 1‘932. The molecular weight 

M 

employed was 398*72. The molecular volume was consequently 
206*38. 

If it should be desired to compare the mean molecular refraction 
of the crystal with the molecular refraction of its substance in the state 
of solution in water, a determination which proved very interesting in 
the cases of the sulphates and selenates of potassium, rubidium, caesium, 
and ammonium, it is only necessary to determine both the refractive 
index and the density for two or three concentrated but not quite saturated 
solutions of accurately known strength. In the year 1868 Gladstone^ 
advanced the generalisation that “ the refraction equivalent of a solution 
is the sum of the refraction equivalents of the solvent and of the substance 
dissolved,” and time has shown that this law is substantially correct, 
such slight difEerences as are observed, due to change of state, being 
sometimes on one side and sometimes on the other. 

It may be expressed by the following formula, in which the letter 
p represents the total amount of solvent and substance, and and p^ 
are the respective percentages of the two substances present. 



It is convenient to consider p as unity, however, and p^ and p^ as 
the proportions of the two constituents expressed as decimals, rather than 
p as 100 and p^ and p 2 as actual percentages ; it is equivalent to dividing 
out by 100. The expression on the left-hand side of the equation is then 
the specific refraction of the solution. The first expression on the right 
is the unknown required specific refraction of the crystalline substance 
in the dissolved condition multiplied by pi the amount of it present, 
and the second and last expression is the specific refraction of distilled 
water multiplied by its proportion p^. The unknown desired specific 
refraction of the dissolved substance may be called X ; the refractive 
index of water for C-light as determined by the author and corrected to 
a vacuum is 1*3321, and its specific gravity at the standard temperature 
of comparison of 20°, compared with its maximum unit density at 4°, 
is 0*99824. 


^ Proc, Roy. Soc., 1868, 18, 49. 
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Hence, the equation to be solved is as under ; 

Refractive index of solution - 1 , v . water x 0-3321 

— ^ ; — : = prop, of salt X X + ^ 

Density of solution 0 -99824 

The practical operations required arc (1) to make up the solution by 
weighing out a quantity of the crystals and dissolving them in such 
a weighed quantity of water recently distilled as will make a nearly 
but not quite saturated solution ; (2) to determine the density of the 
solution thus made, by the pyknometer method with cap described in 
Chapter XXXIL, 10 c.c. being required for this operation ; and (3) to 
determine the refractive index of another quantity of the solution, using 
a small hollow prism, with truly worked plate-glass sides as thin as is 
compatible with rigidity and inclined at 60°, for the purpose. The 
author employs a small prism of about one cubic centimetre capacity, 
mounted with hard optician’s wax on one of the crystal-holders of the 
No. \a Fucss goniometer-spectrometer. This prism is also very useful 
for the determination of the refractive indices of highly refractive 
immersion liquids. 


An example will make the determination and calculation quite clear. It is 
taken from the latest case investigated by the author, that of ammonium selenate 
(NH 4 ) 2 Se 04 , and is one of two determinations made with solutions of different 
concentrations. Weak solutions must never be employed, as electrolytic dissociation 
may begin to enter. By exception, the common crystals of this salt are monoclinic, 
the rhombic form isomoiidioua with ammonium sulphate never being obtained in 
the pure state. This has been explained in C'haiiter XXVIII. and an illustration of 
a crystal given in Fig. 423 (page 614). 

Preparation of Solution : 8-7021 grammes of crystals of the pure salt were dis- 
solved in 9-3513 gr. of water, which corresponds to 48-20 per cent, of salt and 61-80 
per cent, of water. 

Density of Solution ; The specific gravity of the solution at 2074'’ by the method 
shown in Fig. 527 (page 628), using one of the 10 c.e. py kilometers, was 1-3627. 

Refractive Index of Solution: The observed refractive index for (Might was 
1-4073, and the value corrected to a vacuum 1 4077. Hence p - 1 -0-4077. 

We have then the following equation, in which the above data have been inserted : 


q-4077 

1-3627 


=0-482X +0-518 


0-3321 
' 0-99824 


Working this out we obtain as the value of X, the only unknown, X =0-26319, 
which is the specific refraction of the crystals in solution. 

In order to get the molecular refraction, MX, where M is the molecular weight 
of the salt, we multiply the specific refraction thus found by the molecular weight 
177-98, and on doing so obtain the value 46-84 for MX, the molecular refraction 
of ammonium selenate in the condition of solution in water. 

A second determination with a somewhat weaker solution, containing 43-88 
per cent, of the salt, yielded the molecular refraction 46-74, the two results being 
thus in close agreement. The mean, 46-79, was accepted as the true value. 


It will be instructive in conclusion, in order to afford evidence of 
the general correctness of Gladstone’s iaiw that the refraction equiva- 
lent of a solution is the sum of the refraction equivalents of the 
substance andfsolvent, and that such minute changes as accompany 
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the change of state occur on both sides, the differences between the 
molecular refraction of the dissolved substance and the mean refraction 
of its crystals being sometimes in one direction and sometimes in the 
other — to append the following table of the molecular refractions of 
the alkali sulphates and selenates for the two conditions. It will be 
seen that the exceptional monoclinic crystallisation of ammonium 
selenate does not affect the conclusion in the slightest. 


Salt. 

Mean Molecular Refrac- 
tion of Crystals. 

Molecular Refraction In 
Solution. 

Difference. 

K,SO. 

RbaSOi 

(NflASO^ . . 

CfljSO^ 

3204 

33*21 

-fM7 

37*66 

38*21 

-f0*66 

38*76 

39*43 

+ 0*68 

47*48 

47*27 

-0*21 

KjSeOi 

RLSe 04 . 
(NH 4 )aSe 04 . 

38*60 

39*66 

+ 1*16 

44*00 

44*63 

+ 0*67 

46*92 

46*79 

+ 0*87 

C 8 jSe 04 

64*35 

6410 

-0*26 


The values thus pass, along with increase of the atomic weight of 
the alkali metal, from a relatively very appreciable positive difference 
in the case of the potassium salt of each group, to a small negative 
difference in the case of the cajsium salt, the rubidium salt standing 
intermediate with a small positive difference. The ammonium salt 
behaves very similarly to the rubidium salt of the same group, a fact in 
full agreement with the very near identity of the two salts as regards 
molecular volume, topic axial ratios, and molecular refraction. 



CHAPTER XLVII 

DETERMINATION OF THE REFRACTIVE INDEX OP CRYSTALS BY THE 
METHOD OF TOTAL REFLECTION 

The foundation of this method lias already been discussed in Chapter 
XXXVII. It was shown that the limit at which total reflection occurs 
is so sharp that it can be made to appear as tlm line of demarcation 
between a brightly and a feebly illuminated portion of the field of an 
observing telescope, and thus adjusted to a spider-line. Many forms of 
total reflectometer have been devised, of more or less efficiency. They 
are roughly divisible into three types, and the best of each of these 
will alone be described, namely, (1) those in which a plate of the 
crystal is simply immersed in a highly refractive liquid, (2) those in 
which the crystal plate is laid against one of the faces of a prism of 
highly refractive glass, exclusion of air being secured by a film of a 
highly refractive liquid, and (3) those in which a 
cylinder or hemisphere of glass replaces the prism. 

The critical angle ^ corresponding to the 
limit of total reflection is in all cases measured 
by means of a divided circle, and the refractive 

index shown on page 812. 

In the case of doubly refractive crystals there 
are, of course, two limits, and the two arc each 
duly defined, one after the other, as the boundaries 
of portions distinguished by differently graded 
shading in the field of the telescope. A typical 
field afforded by a doubly refracting crystal-plate 
is shown in Fig. 739, with one of the limiting curves adjusted to the 
crossed spider-lines. 

(la) The Kohlrausch Total -reflectometer. - The simplest of the 
liquid total-reflectometers is that of Kohlrausch, shown in Fig. 740. A 
lengthy description of this instrument is unnecessary, as it is now largely 
superseded by the use of the suspended goniometer of the type shown in 
Fig. 331 (page 392) in Chapter XXIV., al^iough it has some special con- 
veniences of its own which render it at times a very useful instrument. 

The crystal, cenlented to a cork plate with gum-arabic, is attached to a somewhat 
1017 



Fio. 739.— The two Limiting 
Curves of Total Reflection 
afforded by n Doubly Re- 
fractive Crystal. 
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complicated adjusting apparatus a, suspended within a detachable flat-bottomed flask 
b, containing the highly refractive liquid, provided with a plate-glass window c opposite 
the adjustable telescope. A divided circle d, with two verniers read by a pair of 
small microscopes c, forms the upper part of the apparatus, and is rotatable above a 
steel ring/ carried by the supporting column g. A special adjustment h, manipulated 
by the milled head k, is provided for the rotation of the crystal in its own plane, 
which enables the limiting curves to be followed throughout the various azimuths in 
the plane of the optical ellipsoid parallel to which the crystal has been cut. The 
adjustable mount for the crystal bears a small graduated circle I to record the 
amount of rotation and identify any particular azimuth, and the cork mount of the 

crystal is attached to three pins carried by the 



annulus m, pushed into the central boring of 
the little circle plate. 1’he crystal plate can 
be adjusted parallel to the rotation axis of 
the main circle d by means of a black-glass 
mirror n, which has been adjusted once for all 
parallel to that axis. The telescope o carries 
a detachable lens, like a goniometer telescope, 
for converting it into a low -power microscope 
with which to view the crystal. Either a- 
monobromonaphthalene or methylene 

iodide CHjI^ is employed as the highly 



T 


FiQ. 740.— Kohlrausch’s Total-reflectometer. Fio. 741. 


refractive liquid, their refractive indices at 20'* for sodium light being respectively 
1-6667 and 1-7421. When a liquid is required of still higher refraction, sulphur may 
be dissolved in methylene iodide until the refractive index is raised to 1-86. The 
observations should bo made in a darkened room, and the cork support and any 
marginal faces of the crystal visible round the plate should be blackened, as the 
curves are not brilliantly defined with small crystals, and other reflections tend to 
mask them. 

The principle of the method will be clear from Fig. 741, which represents a 
horizontal section through the apparatus and crystal-plate C. The direction of the 
normal to the plate is indicated by* the dotted line CN, while CT is the direction of 
the telescope axis, CS is that of the incident light, L is the highly refractive Uquid 
in the flask F, and P is the plane-parallel glass window-plate t'hrough which the 
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observations are made. Diffused sodium or other monochromatic light is allowed to 
proceed to the crystal along SC from a window, filled with oiled paper, in a blackened 
cardboard or metal screen, which is fitted round the flask and carried by the semi- 
circular metallic support p in Fig. 740. The monochromatic source of light, usually 
a sodium flame, is placed near the window, and the crystal rotated until the limiting 
curve or curves of total reflection are seen and adjusted in the field of the telescope. 
The latter is conveniently removed at first, so as more readily to locate the limiting 
curves with the naked eye accommodated for long distance. 

(16) The Suspended Goniometer used as Total - reflectometer.— 

With the advent of the suspended goniometer tlie necessity for tlie 
special total-reflectometer just described disappears, although when such 
a goniometer is not possessed the Kohlrausch apparatus, if available, is, 
of course, equally efficient. The suspended goniometer of Miers has 
already been described in Chapter XXIV. and is illustrated in Fig. 331 (page 
392), and the simple cylindrical cell with plate-glass front in which the 
observations are carried out is also shown in Fig. 332. All the necessary 
adjustments can be given to the crystal-plate, which is suspended in the 
highly refractive liquid in the cell from the crystal-holder at the base 
of the adjusting movements. Equally convenient is the author’s cutting- 
and-grinding goniometer described in Chapter XLllI. and illustrated in 
Fig. 702 (page 933) ; moreover, in this instrument the adjusting move- 
ments are more elaborate and are graduated, enabling any desired orienta- 
tion of the crystal-j)late to be attained with accuracy, witli resj)ect to the 
natural crystal faces left uninjured on the edge of the plate. The cell 
of liquid is })laced on the permanent supporting table of the grinding 
apparatus, instead of a laj). The cell shown in Fig. 332 is particularly 
suitable for this purpose, as it carries its own adjusting tripod, for 
which there is ample room on the grinding table. 

A later suspended goniometer devised by Miers especially for 
refractive index work is shown in Fig. 742, and is a model of convenience 
and ingenuity. It was constructed by Messrs. Troughton & Simms. 

The milled head a is the screw for adjusting the height of the crystal-holder. The 
disc b provided with handles, and the milled head 6', are for the rotation of the inner 
cone carrying the crystal-holder, either from above or below, as may be most convenient. 
The circle c is carried by the middle axial cone, and is rotated by the milled head c', 
A bracket d, rotating on the outer fixed cone, carries the tclescoiie e, a counterpoise /, 
the verniers g for recording the rotation with respect to the circle r, a clamping screw h 
and a slow motion for fine adjustment of the relative positions of the circle and 
telescope, and a clamping screw k for fixing the disc b to the telescojic. The clamping 
screw I, and adjacent tine adjusting screw to its loft also marked I, adjust the telescope 
and verniers with respect to the fixed stand and the collimator. The long handles m 
are arranged for convenience of adjusting the circle with respect to the stand while 
sitting at work in front of the instrument. The milled heads b' and c' can be clam])ed 
together by the fixing screw n, which thus locks the disc b to the circle c. The colli- 
mator 0 is fixed to the pedestal column at the back of the apparatus as seen in Fig. 
742. The trough for the reception of the highly refractive liquid, or the solution when 
the instrument is being used for the study of growing faces of a crystal in its mother 
liquor, may be adjusted for height by the millecf head p, and fixed at the convenient 
height by the clamping screw g. Three levelling screws r are provided for the 
adjustment of th^trough so that the plate-glass window is normal to the telescope 



1020 


CRYSTALLOGRAPHY 


PART III 


axis. The temperature of the liquid in the cell may be regulated by a stream of 
water flowing down the outside of the trough from the perforated ring pipe s, and 
carried off by a channel in the adjustable supporting table. A thermometer t of 
suitably bent shape is held by a carrier attached to the bracket d, and a stirring 
arrangement u is provided, worked by a motor, the pulley, band, and eccentric gear 
for ensuring effective stirring by means of the bent glass rod being clearly shown in 
front and to the loft of the figure. 



Fiq. 742. — Miers Suspended Oouloraeter-refractometer. 


. A suspended goniometer is also now constructed by Fuess. To this, 
or to any form of the Miers suspended goniometer or the cutting-and- 
grinding goniometer used as refractometer, a direct-vision spectroscope 
can be fitted if desired, in order to employ the method of Soret, to be 
described in the next section. 

(Ic) The Soret Total - reflectometer. — The method of Kohlrausch ^ 

1 Ann. der Phys., N.F., 1882, 16, 603. f 
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suffers under the disadvantage that the refractive index of the liquid 
employed in the cell changes rapidly with variation of temperature. To 
avoid this serious difficulty, which influences the fourth place of decimals 
of the refractive index, reversion is generally made to a method employed 
by Wollaston ^ so long ago as the year 1802 , in which a solid prism 
of known refractive index replaces the liquid. But Soret,* who had 
invented a total-reflectometer on the Kohlrausrh principle but with 
much more elaborate adjustments, in order to eliminate the refractive 
index of the liquid from his calculations, employed the device of making 
the determinations in the liquid alternately in quick succession with the 
crystal and with a prism of known refractive index. If n be the 
refractive index of the crystal and N that of the prism, and if 6 be the 



limiting angle of total reflection for the crystal and (f) that for the 
prism, then 

w=N sin d /sin 

With this method of Soret and his identical apparatus some admirable 
determinations of refractive indices have been carried out by F. L. Perrot,® 
particularly of a number of double sulphates of the monoclinic series 
R2M(S04)2 . 6H2O, which have since also been investigated by the author, 
with the aid of 60 °-pri 8 m 8 , by the minimum deviation method. The 
agreement between the two sets of results is so admirable that it is 
obvious that this method of Soret, as perfected by Perrot, is capable 
of enabling very accurate work to be carried out. 

The original apparatus of Soret is shown in Fig. 743, and the upper part of the 


1 Phil Trans., 1802, 92 (2), 381. • 

* Archives des sciences phys. et nal, Geneva, 1883, 9, 1. 

* Archives des ^iences phys. et ncU., Geneva, 1891, 25, 26 and 669, and 1893, 29, 3. 
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apparatus with the later adjusting apparatus of Perrot in Fig. 744. The source of 
light employed was the sun, the solar rays being directed on the apparatus by means 
of a heliostat ; the refractive indices could thus be determined for the various Fraun- 
hofer lines, those employed by Perrot being a, B, C) D, b, F, and G. The rays were 
condensed on the slit of the collimator o, and passed through a truly plane plate-glass 
window at b into the liquid coll c, in which the object-plate was immersed, being 
supported at the end of the detachable adjusting and rotating apparatus d. After 
reflection from the crystal the light rays passed out of the cylindrical glass vessel, 
which with its liquid acted as a cylindrical lens, and were concentrated thereby on the 
slit of a direct- vision spectroscope e. The latter is counterbalanced and adjustable to 
any azimuth round the axis of the circle and the liquid vessel. The circle-plate / 
carries within its central boring two axes, the outer of which, manipulated by the 
milled head g, is rigidly connected with the vernier h, whilst the inner axis, rotated 

by the head k, passes down into the 
liquid vessel and carries the object- 
holder d. There is an ingenious 
device for maintaining the reflected 
rays from the crystal-plate always 
on the slit of the spectroscope as the 
angle of incidence is altered. The 
spectroscope carries with it in its 
rotation the circular plate I, to which 
it is attached at m, and this plate 
is kept pressed down on two rollers 
w, which rotate over the circlo-plato 
/ and carry with them both the head 
g and the vernier h, so that the 
latter moves through half the angle 
of rotation of the spectroscope. 

When the angle of incidence is 
such that the light is all reflected 
from the plate the spectrum appears 
brilliant, but as the angle is dim- 
inished tlio various wave-lengths in 
succession find their limit of total 
reflection and become less intense 
owing to loss of light by reflec- 
tion. A kind of dark curtain thus 
traverses the spectrum from one end 
to tho other as the spectroscope is moved, and the more or less sharp edge of this 
curtain parallel to tho Fraunhofer lines is adjusted to such of the latter as it is desired 
to make determinations of refractive index for. After thus taking a series of readings 
with tho light incident on one side, say the left, the spectroscope is rotated round 
until the light is similarly and symmetrically incident on tho other side, the right, 
and a second set of readings taken. Half the difference of the two readings for any 
wave-length is the angle of total reflection required. A similar set of determinations 
is then carried out with tho glass prism of known refractive index, for each of the 
same Fraunhofer lines, tho prism having been previously adjusted with its face 
parallel to tho object-plate. Tho refractive index of the crystal is then calculated 
with the aid of the formula given on the last page, which does not involve the variable 
index of the liquid. Perrot employed carbon bisulphide as the liquid. His method 
of work was to determine the angle of total reflection for each wave-length with 
both the crystal and the prism before passing on to the next wave-length, the adjusting 
holder being merely raised or lowered to bring the one and th? oth^r alternately intq 


k 



Fig. 744. — Penrot's Adjusting Apparatus for Soret 
Total-reflectometer. 
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line with the spectroscope and collimator. The improved form of adjusting apparatus 
shown in Fig. 744 was employed, and proved very convenient for this method of 
procedure. 

Probably better work has been done with the above instrument than 
with any other form of liquid-immersion total-reflectometer, and Perrot’s 
values have proved quite comparable in the fourth decimal place with the 
author’s values for the same crystalline salts, determined by the minimum 
deviation method with 60°-prism8 of the crystals, pre})ared with the aid 
of the cutting-and-grinding goniometer. Soret himself determined the 
refractive indices of a large number of alums, including those containing 
the rare metals, with his instrument in its original form. 

(2) The Liebisch Total-reflectometer on the Principle of Wollaston.— 

The essence of this method is that diffused light is allowed to fall on 



one of the faces AC of a 60°-prism ABC of highly refractive glass, as in 
Figs, 745 and 746, there being two possible cases, in which the light is 
incident on the face AC to the; left (Fig. 745) or right (Fig. 746) of the 
normal. This face AC of the prism need not be polish(‘d, and if left 
more or less matt-ground itself diffuses the. light sufficiently to dispense 
with the usual screen of oiled paper. The rays then proceed to, and 
are more or less reflected from, the face BC according to the angle of 
internal incidence i on BC, and pass out of the prism through the 
face AB with refraction, 0 being the internal angle in the prism and a 
the exterior angle in the air, to a telescope focussed to infinity (for 
parallel rays), in which the limit between the areas of partial and total 
reflection is observed. The angle actually observed is a, between the 
limiting line and the normal to the face AB. The crystal-plate DE, 
of which the refractive indices are to be determined, is pressed against 
the face BC, and exclusion of air ensured By a film of a highly refractive 
liquid, which, bjing a parallel-surfaced layer of extreme tenuity, does 
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not affect the result, while avoiding the well-known difficulty of fitting 
together two polished surfaces without inclusion of air. For even if in 
the end air be excluded without the use of a liquid film, another 
diflficulty arises, namely, that the two surfaces adhere as if cemented, 
and it is very difficult to rotate the plate in its own plane (at any rate 
without scratching the prism face), as is required in total reflection 
work. Hence, a layer of highly refractive liquid is of great value, not 
only guaranteeing contact and lubricating the azimuth movement, but also 
enhancing the transparency and the sharpness of the limiting line or curve. 

When the prism is so arranged that the light passing through the 
first face AC falls on that part of the second surface BC of the prism 
which is also in common with the crystal-plate, assuming the film of 
liquid to be infinitely thin, at an angle of incidence less than the 
critical angle, it is partly reflected and partly transmitted, and the 
crystal-plate looks darker than the other part of the prism face not 
covered by it. But on rotating the prism until the critical angle is 
reached the })art touched by the plate looks brighter than tht- rest 
of the surface of the prism, owing to all the light striking it being 
reflected. The actual limit is, as with the liquid method just described, 
a sharp line or curve clearly visible in the telescope arranged for 
parallel rays, this being the all-important fact, first pointed out by 
Abbe, on which the method depends. A highly refractive glass is 
necessary, its index being higher than that of any crystal likely to 
be used, and such glass is usually, unfortunately, more or less yellow, 
and absorbs blue light, and those glasses with the highest refractive 
index attainable, about 1*96, are also very soft and easily scrttched. 
When, therefore, the refractive index of the crystal is known not to be 
high, a flint glass prism of 1-64 refractive index can be much more 
safely employed. The liquid composing the film should, if possible, 
be of higher refractive index than either the crystal-plate or the prism, 
but at any rate of higher index than the crystal ; a-monobromo- 
naphthalene (jLt 5 a=l 'fibs'?) is a very suitable liquid, and in extremely 
high cases methylene iodide (/iNa= 1*^421). 

The best form of total-reflectometer based on this principle of 
Wollaston is due to Liebisch, and is constructed either as a separate 
instrument, or as a fitting to the Fuess goniometer No. 2a in the form 
of an additional crystal-holder, or again as a largei fitting with more 
elaborate adjustments, replacing the whole crystal-adjusting apparatus, 
to the large Fuess goniometer-spectrometer No. la. As the last is the 
most efficient it will be here described, although the smaller model woiks 
almost as well. It is shown in Fig. 747, in the later form actually 
used by the author. The prism has an angle of 60° 7', and its refractive 
index for sodium light is 1*7781. 

A large vertical circle a, divided directly on its silver limb into half-degrees, and 
reading with a pair of verniers 6 to single minutes, is carried in a suitable horizontal 
axial bearing cd. Its axle terminates on the silvered side of the circle in a large 
milled head e, by which the circle, its axis, and a pair of the usual goniometrical 
crystal-adjusting segments / and g, are rotated together. The bearing-support c is 
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carried at one end of a bevelled elongated plate h, which is rigidly attached below 
to a slider i, moving by rotation of the screw ^ over a fixed dovetailed piece k attached 
rigidly to the circular levelling table I which forms the base of the fitting, a boss tn 
below the second plate of the table actually screwing to the top of the central crystal- 
axis n of the goniometer No. la. A second slider o moves over the long dovetailed 
plate h at the other end to that on which the circlo-l)caring is carried, and its sliding 
motion is brought about by the screw p. This slider carries the prism q and its means 
of adjustment, the slider itself effecting the adjustment for approach to the crystal- 
holder. The 60° -prism has two faces, r and s, polished plane, but the third face t 
(corresponding to AC in Figs. 745 and 746) is ground to diffuse the incident light. 
One of the polished faces, s (corresponding to BC), is arranged parallel to the circle. 
The prism is cemented on to a rather tightly fitting little slider «, by which the prism 



Fiq. 747. — The Liebisch Total-reflectometer. 


can be moved horizontally parallel to the face a. Besides the two horizontal 
rectangular movements of transference, two rectangular adjusting movements are 
also provided, one for altitude in the vortical plane and the other for azimuth in 
the horizontal plane, about two axes parallel to the horizontal and vertical diameters 
of the circle, which enable the prism face a to be set absolutely parallel to the circle 
if not already so adjusted. They are achieved by mounting the dovetailed bed of 
the slider carrying the prism on a bracket v, which is rotatable about trunnion screws, 
and by carrying back from the bracket a lever arm w, a screw y through the outer 
end of which adjusts the tilt of the face a about the trunnion-axis parallel to the 
horizontal diameter of the circle, a strong spiral spring confined by the screw ensuring 
the rigidity of the adjustment. The arm is also adjustable for sideways motion, 
about a vertical axis parallel to the vertical diameter of the circle, by being held 
within another bracket x, in which it is adjustable by the two side - screws 
z, the trunnions of the bracket v being attached to a circular disc passing below into 
a short pin rotatable in the slider o. Thus every desirable adjusting movement 
VOL. II • T 
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is given to the prism, enabling it to be brought up to the crystal in the ideal 
position. 

The crystal-holder is of special construction. The crystal-plate is mounted with 
optician’s wax on a little circular disc which is suspended within a pair of gimbal- 
rings a, the axes of rotation of which are at right angles to each other, the outer 
gimbal being hinged from a bracket carried at the top of the basal plate of the holder 
which carries the fixing peg, a spring pressing this outer gimbal somewhat outwards, 
so that a little pressure has to be exerted to bring the ring vertical. This pressure 
is just adequate to ensure good contact between the crystal-plate and the prism when 
the latter is brought up to the former by manipulation of the screw p. The other 
inner gimbal ensures that the crystal touches the prism equally all over and that 
the contact remains equal when the circle and the crystal-plate with it is rotated. 

The conditions will be rendered clear by Fig. 748, with the aid also of Figs. 746 
and 746. The rays I from the source of monochromatic light are allowed to fall on the 
matt-ground face of the prism t (AC in Figs. 746 and 746), by which they are diffused. 
They then pass in this condition to the second face a (BC in Figs. 745 and 746), which 
is the polished face in contact with the crystal with the intervention of the thin film 
of liquid. A little screen is arranged between the light source and the prism and quite 
close to the latter, and the screen is pierced by an aperture of such a size and so arranged 

that only that part of the surface 
a is illuminated which is common 
to both crystal and prism. The 
rays leaving this face, therefore, 
are only such as are reflected from 
the crystal - plate ; they pass 
thence to the third face r (AB in 
Figs 746 and 746), also polished, 
at which they are refracted to the 
telescope T arranged to receive 
them, the lino R parallel to T (T 
itself in Figs. 746 and 746) 
indicating their path diagram - 
matically. The angle a which 
the totally reflected rays make 
with the normal to this exit-face 
r, when the limiting line (or one 
of the two lines assuming the 
crystal to be doubly refracting) 
has been adjusted to the vertical spider-line of the goniometer, is what is actually 
measured, and it is determined in the following simple manner. 

We require first to know the position of the normal to the exit-face r, and can find 
it at once by use of the glass-plate mirror, the Becker fitting shown in Fig. 24 and 
described on page 41, placed in front of the telescope eyepiece, in order to observe 
simultaneously the spider-lines and their image reflected from the face t. Or, the 
position of the normal may be found goniometrically as follows. 

The collimator C is arranged to the right, about the position shown in Fig. 748, 
and the telescope T, before being arranged in front, as shown, to receive the rays, is 
rotated to T' on the left in order to take the direct reading of the position of the 
coUimator, the total-reflectometer being lowered sufficiently to be out of the way while 
this is achieved. The telescope is then rotated back to the position T in front which 
is convenient for the reception of the reflected rays, the total-reflectometer being raised 
also into positiori again, and a reading taken for this convenient position of the tele- 
scope. The supplement of the difference between the two readings is obviously the 
angle between the collimator and telescope, an arbitrary but convenient angle which 



Fio. 748. — Principle of Lleblsch Total-reflectometer. 
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we may tenn 2p, so that tho half of it, the angle between the lines T and N' (TrN' in 
Figs. 745 and 746) is The telescope and collimator remaining fixed, the circle is 
rotated, with the total-redectometer which it carries, until the limiting line of total 
reflection is adjusted to tho spider-lines of the telescope at T, and a reading is taken. 
The circle is then further rotated until the Websky signal-slit of the collimator reflected 
from tho exit -face r of the prism is also adjusted to tho spider-lines, and a reading is 
taken also for this. The angle rotated through between tho two positions is obviously 
that between the lines N and N' (in Figs. 745 and 746 it is NrN') ; for N is the position 
of the normal to tho face r when tho limiting lino is sot to tho vortical spider-line of 
the telescope, the angle between N and T (Nrl’) being tho angle a which tho limit of 
total reflection makes with this normal N ; and N' is tho position of tho normal to the 
same face r when the latter has been brought to relleot the collimator signal into the 
telescoiio, that is, when the face is equally inclined to collimator and telescope as 
shown by tho dotted prism in Fig. 748, tho normal thus bisecting tho angle between 
tho two optical tubes. Now this measured angle between N and N' is clearly a -f/S in 
tho case depicted in Fig. 745, and - a in tho case shown in Fig. 746. That is, a =NN' 
~[i in tho one case, and ft - NN' in the other. As ft is known, the angle a of total 
reflection made with the normal to tho exit-face is consequently at once obtained by 
taking tho difference between this measured angle NN' and ft. 

Representing now the prism angle between the exit-face r (AB) and the face a (BC) 
against which tho crystal-plate was pressed by 0, and fi being the refractive index of 

the glass of the prism, then, as by definition ft angle 0 between tho limiting 

ray inside tho prism and the normal N to tho face r is afforded by the equation 
sin 0 ^ ; and tho required angle of internal incidence i for total reflection at tho 

face a is equal in tho two respective cases to tho sum and difference of tho angle of 
tho prism 6 and tho internal angle of refraction 0, that is, in the case represented in 
Fig. 745 : 

and in the case shown in Fig. 746 : 

i=$ -<p. 


Those facts sliould bo clear from tho two figures, aided by Fig. 748 showing the 
disposition of tho apparatus, the angles being clearly indicated in the two former figures 
745 and 746. 


(3a) The Pulfrich Total-reflectometer.~ This instrument jiossesses a 
highly refractive (more highly refractive than the crystal) glass cylinder 
instead of a prism, as shown in section in Fig. 749, the general appear- 
ance of the instrument being represented in Fig. 750. 

From the latter illustration the arrangement of the cylinder, the 
circle, and the elbow tele 8 C 02 )e will be obvious. If I in Fig. 749 be the 
limiting ray and p, represent the refractive index of the crystal-plate laid 
on the plane-polished normal top of the cylinder, pj that of the glass of 
the cylinder, (j) the true limiting angle of total reflection within the 
cylinder, and 6 the measured angle at whiidi the limiting ray I emerges 
from the cylinder, then ; 

sin (j)-—, and p = n/ pi^ - sin^* 6. 

Vi 

If the light enter the cylinder, say, on the left in Fig, 749, the rays 
a and h will be p^ly refracted and transmitted through the crystal-plate 
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and partly reflected to a and h on the right ; while rays c and d, being 
inclined to the normal (the vertical) at angles greater than the critical 
angle, will be totally reflected, the limiting line appearing between the 
two zones at 1. The limiting line I is, however, clearest of all when the 
rays are not incident on the cylindrical surface at all, but on the crystal 
as at e and / on the top-right of Fig. 749. The incident rays are then 
partly refracted, e to h and / to a on the left ; the rays of grazing 
incidence (along the direction of the basal plane of the cylinder and 
under surface of the crystal-plate in contact therewith) will leave the 
cylinder at the limit of total reflection I ; and rays entering on the right 
below the line of contact of plate and cylinder, say at d and c, will be 
totally reflecjted to d and c on the left, leaving the upper part of the field 



Fig. 749. — Section of Cylinder of Pulfrlch Total- 

reflectometer and its Adjustable Supports. Fio. 750. — The Pulfriclx Total-reflectometer. 



seen through the telescope quite dark and the limiting line at its maxi- 
mum sharpness and distinctness. A drop of highly refractive liquid is 
employed between the plate and the cylinder as usual. 

It is a great advantage either with this form of total-reflectometer or 
with that next to be described in which a hemisphere is employed, to 
work with a crystal-plate which has been ground circular, and the 
cylindrical edge-surface polished, as then the light can be readily utilised 
incident in the manner just described. This, of course, is practically 
impossible with small crystals of artificial chemical preparations, but 
when investigations of the refractive indices of minerals occurring in 
large crystals are concerned it is readily possible. For this reason, 
moreover, this form of totakreflectometer lends itself readily to class 
demonstration, especially if the glass cylinder be replaced by one of 
bromonaphthalene, enclosed in a cylindrical glass vessei, and the crystal- 
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plate is just immersed in it and sunlight reflected sideways against the 
cylindrical edge-surface of the crystal-plate. 

When doubly refractive crystals are being investigated, the two 
curves can be followed by rotation of the cylinder and crystal round the 
vertical axis of the former, and measurement of the total-reflection angle 
for each curve at a large number of different azimuths carried out. The 
screws g and h serve to adjust the axis of the cylinder, so as to form 



KiG. 751. — The Abbe Total-refleotometer, 

precisely a continuation of the inner axis of rotation Jc of the instrument, 
and a circle at the end of this axis below the tripod, shown in Fig. 750, 
enables the azimuth positions to be read off. 

(3b) The Abbe Total-reflectometer. — Bertrand was the first, in the year 
1885, to suggest the employment of a hemisphere of dense glass instead 
of a prism or cylinder. Abbe greatly improved the experimental arrange- 
ments, and this form of apparatus has since been perfected by Pulfrich, 
his successor at Jena, to whose constructive genius we also owe the later 
form of the total-reflectometer with cylincfer just described, the use of a 
cylinder having |^een first suggested to succeed the prism of Liebisch by 
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Abbe. The total-reflectometer with glass hemisphere in its best form as 
constructed by Zeiss is shown in Fig. 751. 

The hemisphere a is of Jena flint glass of refractive index for sodium light 1-8904. 
The method consists in directly measuring the angle of total reflection at the plane 
surface b of the hemisphere, on which the crystal-plate c is laid, with a thin film of 
highly refractive liquid intervening of refractive index at least higher than that 
of the crystal and preferably higher also than that of the hemisphere, in order to 
avoid any chance of t;otal reflection before the glass surface is reached. The hemi- 
sphere is adjustable by the arrangment d, so that its axis of rotation, normal to the 
plane face of the hemisphere 6, and that of the divided circle e, intersect each other 
at exactly right angles in the centre of the sphere of which the hemisphere is half. 
This adjustable support for the hemisphere rests on a second smaller divided circle /, 
the fixed vernier g of which is so arranged that its zero mark lies in the plane of the 
incident light. The large vertical circle e is for the measurement of the angle of 
total reflection, and carries two verniers to right and left, so that the angle can be 
read on either side of the hemisphere. A mirror h serves to illuminate the common 
face of the crystal and hemisphere, either from below or from above. The telescope k, 
which rotates with a radial arm I about the axis of the circle e, is arranged elbow- wise, 
the two parts being connected by a reflecting prism m, and the objective fitting n is 
given in duplicate, to suit larger and smaller crystal -plates, the alternative one o to 
that shown in position lying in the foreground. The lens of this fitting forms along 
with the hemisphere the objective of a telescope arranged for parallel rays, and 
magnifying two to three times in the case of one of the alternative fittings, while the 
other fitting reduces the apparent size of the object to about the same extent as the 
first magnifies. Each corresponds to a separate eyepiece, one p being shown in 
position, and the other q lying in the foreground to the right of the alternative 
objective in Fig. 751. Another lens can be attached in front of the eyepiece to convert 
the telescope into a low-power microscope, in which the crystal can be viewed when 
the telescope is rotated over it, and the plate may thus bo 
centred and orientated as regards azimuth with respect to any 
existing edge-face and the spider-lines of the eyepiece. 

Sodium light is used with small crystal-plates, but if larger 
plates are available sunlight may be used and the refractive 
indices determined for the chief Fraunhofer lines. In this 
case a direct-vision spectroscope eyepiece is employed instead 
of the ordinary eyepiece p or q. The fine adjustment of the 
telescope, during the placing of the limiting curve or line of 
total reflection to the spider-linos, is carried out by a micro- 
meter screw r with divided drum. 

As the plane top of the hemisphere, the central part b 
(the outer part of the top being slightly curved and ground 
matt), becomes more or less scratched with use, owing to the 
inevitable softness of highly refractive flint glass, a moans of 
polishing it is given, without the necessity for removal from 
its position and the remaking of the very troublesome centring 
adjustments. A groove is cut in the cylindrical boss which 
rests on the circle /, for the reception of the band from a 
whirling apparatus or motor, and when the hemisphere is thus 
w in rapid rotation it may be repolished with a polisher’s tool, 

Adjusfmei^. ^ a disc with handle and covered with soft leather, with the aid 

of the finest rouge. In case it should, however, be necessary 
to readjust the hemisphere, the nature of the adjusting movements will be clear from 
the section given in Fig. 752. The screws a and t enable the axis q' the hemisphere to 
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be adjusted exactly coincident with that of the circle. The capstan-nut u engaging 
with the screw thread on the lower end of the fitting which carries the hemisphere 
affords the means of raising or lowering the latter. Four screws, of which one is 
shown at v, finally enable the axis of the hemisphere to be made coincident Mrith the 
goniometrical axis of the telescope. 



With all these forms of total-reflectometer the limiting line or curve 
of total reflection is much sharper when the incidence is “ grazing,” as 
already explained in connection with the Pulfrich instrument with 
cylinder and illustrated in Fig. 749. In the case of this particular 
form with hemisphere, in ordinary incidence from below, the common 
surface of the crystal and hemisphere is illuminated from below by 
means of the mirror, h in Fig. 751, through the hemisphere, and the 
limiting line found by the telescope and adjusted to the spider-lines, 
the angle of total reflection (ft being 
that made with the normal to the 
plate and surface of hemisphere. The 
experiment should be made from cither 
side and the mean of the two values 
of (f) taken. According to the other 
preferable method of grazing incidence 
the incident rays are caused to arrive 
from the mirror at a very small angle 
downwards from above the crystal, 
passing through its edge-face, which 
again renders it obvious how advan- 
tageous it is, if possible, to have the 
crystal provided with a ground normal 

cylindrical edge, although it is at the Tig. 763.— ArranKoment for Projection and 
V I i.® Pliotography of Limiting Curves of Total 

same time a disadvantage not to nave iieflection. 

actual crystal faces visible on the edge 

for azimuth reference purposes. When the rays are thus directed 
slightly down on the crystal the distinctness of the limit is very marked, 
corresponding to the refraction of rays parallel to the grazing line along 
the surface of the hemisphere. 

Projection and Photography of the Limiting Curves. — This latter 
method of working with the rays directed slightly downwards is illustrated 
in Fig. 753. The figure also serves to illustrate the fact that with the 
glass-hemisphere total-reflectometer it is possible both to project on a 
screen, and to photograph, the limiting curves of total reflection. That 
this is practicable was first shown by C. Leiss, following up a suggestion 
of Pulfrich. It is facilitated, although the addition is not indispensable, 
by the use of a continuous conical reflector M instead of the ordinary 
mirror. The crystal C, in Fig. 753, should be a fairly thick plate with 
cylindrical periphery, and preferably of calcite for demonstration pur- 
poses, as the double-curve then consists of a circle and an ellipse, which 
are rendered objectively visible and clearly separated owing to the large 
amount of double refraction, as shown in Fig. 754, which represents the 
photographed projection. 




Lf Lp 
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Light is caused to enter by reflection from the conical mirror, from all 
sides almost horizontally (grazing incidence, the angle of incidence i being 
nearly 90°) in the margin of the circularly cut crystal plate C, and the 

rays are received as they 
emerge from the glass 
hemisphere G on a hori- 
zontal screen S laid under 
the latter, as shown in 
Fig. 753. The two pairs of 
points LoLo and LgLe indi- 
cate where the plane S 
intersects the two cones of 
rays corresponding to the 
two (ordinary and extra- 
ordinary) limiting surfaces, 
and are points on the two 
section - curves respect- 
ively ; in the case of cal- 
cite these are a circle and 
an ellipse, the crystal plate 
being cut and arranged so 
that the crystal-optic-axis 
is perpendicular to the 
plane of the paper. 

The limiting curve or curves j)rojected on the screen (in general two 
closed curves) were supposed by Leiss to represent the section-curves of 
the index-surface of MacCullagh with the surface of the crystal. This, 
however, is not so, for it was shown by Pockels^ that its radii vectores are 
proportional to the tangent of the limiting angle of refraction, instead of 
the sine of that angle. In the case of a uniaxial crystal, such as calcite, 
where the index-surface is composed of a sphere and a rotation ellipsoid, 
the section-curves would obviously be a circle and an ellipse having the 
relations corresponding to those two portions of the index-surface. If 
in Fig. 753 and pg represent the angles of the two cones corresponding 
to the ordinary and extraordinary rays respectively, the intercepts of 
which L(, and L« on the screen S are points on the circle and ellipse 
respectively, and if Leiss were correct, the relationship would be that of 
the sines, as oj to e, namely : 



Fia. 754.-— Photograph by WIilflng of Limiting 
Curves of Calcite. 


sin po CO 1 *6583 
sin pg~ € ~ 1-4864' 

Wulfing,^ however, who has carried the matter further, has shown that 
the actual relationship, as measured on the photographs, is as the tangents, 
namely : 

tan/[)„_tan67°40' 1-580 1-6583 
tanp, tan 49°lP“"l-160~"b2176’ 


^ Lehrbuch der Kristalloptik, -p. 110. 

* Sitzungsber. der Heidelberger Akad. der Wiaa., A, 191J, 19, 6. 
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The double refraction, as indicated by the figure, would thus appear 
to be 0-4407 instead of the true value of w-c, namely, 0-1719, that is, 
2| times greater than it really is. The curve of the ordinary wave-normals 
is a circle, the radius of which at the section-piano S is OLp ; that of the 
extraordinary wave-normals is an ellipse, with semi-major axis perpen- 
dicular to the paper (parallel to the optic axis of the calcite crystal) and 
equal to 0L<, also, while its semi-minor axis is represented in direction and 
length by OL?. 

Thus we obtain by direct projection out of the glass hemisphere, on a 
plane, limiting curves of total reflection consisting of a circle and an ellipse 
corresponding, with some exaggeration of the amount of double refraction, 
to the section-curves of the index-surface. In order to o])tain the curves 
sharp and clear the bundle of incident rays must be narrow, as the focus 
of the figures lies on a sphere and not on a ])lane. This can be proved, 
and excellent sharp figures produced, by fitting over the hemisphere a 



Fig. 765.— The Herbert Smith Eefractometer. 


larger hemispherical cup of ground glass, of radius corresponding to that 
of the focal sphere, which was 35 mm. for Wiilfing’s instrument. The 
orthogonal projection of this image on the focal sphere, in the direction 
of the vertical axis, represents truly the two components of the index- 
surface, namely, the circle and the ellipse, exactly corresponding in 
their dimensional relations to the correct double refraction, and the 
actual photograph shown in Fig. 754, which was taken by Wiilfing, is that 
of this projection. Measurements showed that the diameters of the 
ellipse on the negative itself were 59-9 and 66-3 mm., the theoretical 
being as 59 -4 to 66 -3, a fairly close agreement considering all the difficulties 
of such photography. 

(3c) The Herbert Smith Refractometer.— An ingenious little instrument, 
shown in Fig. 755, has been devised by Herbert Smith ^ for the rapid 
approximate determination of the refractive index of a crystal, a gem- 
stone for instance, and in which at the same time compensation for the 
spherical curvature of the focal plane has been effected. 

This latter is also achieved in the Pulfrich total -reflectometer by the introduction 


• ^ Mineralogical Magazine, 1907, 14, 354. 
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of a corrective lens before the achromatic objective. The field of view of the Herbert 
Smith refractometer is quite aplanatic for its entire range of refractive index, 1'300 
to I'SOO. 

A hemisphere of dense glass is employed as in the Abbe-Pulfrich instrument, and 
by means of a reference scale, shown separately in Fig. 756, the refractive index may 
be read off directly to the second place of decimals, and by estimation as far as an 
approximation to the third. The hemisphere is a centimetre in diameter and of 
refractive index 1-8049. A convex lens of crown glass of 26 milli- 
metres focal length is arranged with the surface of greater curvature 
nearest the hemisphere, which enables the spherical focal surface 
of totally reflected rays to be brought to a plane focus, so that the 
edges separating the light and dark fields are sharply defined through • 
out the whole effective range of the instrument. The plane surface 
of the hemisphere is arranged to be parallel with and to project 
slightly above the inclined surface-plate of the instrument, the angle 
between the normal to this plane and the axis of the tube of the 
instrument being 61°. 

The centre of the field thus corresponds to a refractive index of 
1-61. The corrective lens is carried in a vertical sliding frame, 
adjustable by means of a screw (below, not visible in Fig. 766) for 
its vortical position. The reference scale, photographed on a glass 
plate, is carried in a short inner tube, sliding in an outer tube 
carried by a second vortical frame close to the first one, in near 
proximity to the corrective lens ; it is also adjustable by means of 
Fig. 766. — Refer- slots and four screws provided with capstan holes, two of which are 
fractlve Indices, shown in iig. 766 proceeding from the front edge of the frame. 

A positive eyepiece magnifying ten times slides in the outer end 
of the inner tube, and between its two lenses a totally reflecting prism is mounted, 
the tube being thus made elbow-shaped instead of straight, so that the eye may be 
more conveniently placed during the observations. Light is admitted to the instru- 
ment by means of a lens of 25 millimetres focus fitted in the back face of the box, 
which is also inclined at 61°. 

The effective range of the instrument is from 1*40 to 1*80 of 
refractive index. Each interval on the scale corresponds to a differ- 
ence of index of 0*005 in the higher indices and 0*01 in the lower. 
In sodium light the limiting line of total reflection separating the light 
and dark fields is adequately sharp to enable tenths of divisions to be 
approximately estimated, and this light is used in making the scale 
with a few substances of known refractive index, so that the scale 
readings arc actual refractive indices. 

Even in white light, owing to the violet end of the spectrum being 
in shadow, the yellow of the spectrum produced instead of a limiting 
line is sharp enough to enable determinations to the second place of 
decimals to be made. A sheet of white paper laid on the table is an 
excellent source of white light. The width of the spectrum seen affords 
a measure of the amount of dispersion possessed by the substance, and 
is in itself a valuable indication. For such spectrum width depends on 
the difference of the dispersion of the crystal and of the glass of the 
lens ; so that a substance of Mgh dispersion, similar to that of the lens, 
shows an almost colourless limiting line of total reflection, while a sub- 
stance of low dispersion shows a broad spectrum instead pf a sharp line. 


Refractive Index 
1.30 

-W: 

“fi 1*45 
1*50 
1*55 
1.60 

1*65 

1-75 
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Small fragments of crystals only a millimetre in diameter may be 
used with this instrument, and there is practically no upper limit to the 
size of crystal or gem-stone which can be tested with the apparatus, the 
surface plate being itself of some size and its plane clearing all the 
other parts of the instrument. As only one plane surface is required on a 
crystal dor use with the method of total reflection, a small facet of a gem- 
stone serves as well as the large table facet of the stone, except that 
there is more difficulty in being sure of true contact and of not scratching 
the somewhat soft plane surface of the hemisphere. The upper limit being 
1‘80, the instrument includes the ruby and sapphire and other forms 
of corundum within its range. It is constructed by J. H. Steward, Strand. 

Hutchinson Universal Apparatus. — A Universal Apparatus was 
described in January 1911 to the Mincralogical Society by Dr. A. 
Hutchinson, which is well ada])ted for the measurement and optical 
examination of small crystals, and serves as an excellent total reflectometer. 
It is shown in Fig. 757. 


The instrument is a 
goniometer of the sus- 
pended type, mounted 
on a solid baso-plate P, 
to which a telescope A, a 
microscope B, and a colli- 
mator C, can be clamped 
in the manner shown at 
K. The circle D, pro- 
vided with fine adjust- 


ment and fixing screw 
E, is carried by a rigid n — _ 
column S. The crystal O 
is suspended below the 


usual adjusting and cen- 


tring apparatu.s G, and 
the inner axis carr 3 dng 
the latter may be fixed at 
any height by tlie screw 
F. The microscope is so 





Fia. 757.— The UiitchInBOu Universal Apparatus. 


arranged that its axis 

bisects the angle .between the optical axes of the collimator and telescope. A cap 
carrying a Nicol N may be attached in front of its eyepiece, and it is fitted with a 
Bertrand lens L. The latter, when used with a ^-inch objective, converts the 
microscope into a diminishing telescope, with which the images of the collimator 
signal reflected by minute faces can be observed. Another fitting, not shown in the 
figure, carries a Nicol and a converging lens. When this is placed opposite the 
objective of the microscope, the optic axial angle of a biaxial crystal can be measured. 
Further, since any face of the crystal must be perpendicular to the microscope axis, 
when the image of the collimator signal reflected by the face is seen on the cross-wires 
of the telescope, a means is afforded of finding the angle at which an axis emerges from a 
face without employing auto-collimation. Similarly, the plane face of the tank T can 
be rapidly adjusted perpendicular to the micro8co|)o axis by the three levelling screws 
of the table H, and the instrument then becomes a Kohlrausch total-reflectometer, 
with which the lin^jts produced by very small faces can be readily distinguished. 



CHAPTER XLVIII 


THE DETERMINATION OF THE OPTIC AXIAL ANGLE AND DISPERSION 
OF THE MEDIAN LINES 

The optic axes of a biaxial crystal are, as already stated in Chapter 
XLII., experimentally indicated by the positions of the vertices of the 
two hyperbolic brushes of the interference figure afforded in convergent 
polarised light by a plate perpendicular to the acute bisectrix of the 
optic axial angle, when the two Nicols are crossed and arranged at 45® 
to the plane of the two optic axes. The acute bisectrix is either the 
maximum or the minimum axis of the optical indicatrix (or vice versa 
for the Fresnel optical ellipsoid) according as the crystal is one of 
positive or one of negative double refraction. The obtuse bisectrix 
will be the converse, either the minimum or the maximum axis of the 
indicatrix. As the crystal-plate is rotated the hyperbolic brushes 
rotate about their vertices, until when the line joining the optic axes 
is parallel to the plane of polarisation of either of the Nicols the brushes 
unite to form a rectangular cross, one arm of which passes through both 
axes and the other crosses this at right angles midway between the two 
optic axes, the rings around the latter remaining more or less the same, 
as described in detail in Chapter XLII. and illustrated by photographs. 

If, therefore, the section-plate be adjusted to the first-mentioned 
position, when the optic axial brushes are opened to their fullest extent, 
the line joining the optic axes being inclined 45® to the planes of 
polarisation of the two Nicols, as shown in Figs. 677, 687, and 698 
on the Plates IV. and V., facing pages 920 and 926 in Chapter XLII., and 
the plate is rotated about the diameter at right angles to this line 
joining the optic axes, first one and then the other of the vertices (the 
vertex being fortunately the sharpest part of the whole hyperbola in 
each case) may be brought to the spider-lines of the eyepiece of the 
polariscope in turn, as shown in Fig. 758, and the angle between these 
two positions read off on a divided circle carried by the instrument 
normally to the rotating axis and concentric with it. 

The optic axes thus indicated by the hyperbolic vertices are, in all 
ordinary cases, both the primary and the secondary optic axes, the dis- 
tinction between which was made clear in Chapter XLI. (pages 881 and 883). 
For the angle between a primary and a secondary optic axis is usually 
1036 
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so small that the hyperbolic vertex overlaps both, even when the crystal 
section -plate is so relatively thick as to give very small rings around, and 
a very sharp brush-vertex at, each optic axis. 

Hence, for all the usual practical purposes 
primary and secondary optic axes are identical. 

The* angle thus measured by the rotation 
from one to the other vertex is not, however, 
the true optic axial angle within the crystal, 
generally symbolised by 2Va, but only the appar- 
ent angle in air between the optic axes. The 
angle thus seen in air is conventionally known 
as 2E, and is often very large, and only in the 
widest-anglc polarisco{)es and in cases of a 
small true angle are botli axes visible at once 
in the field. When the crystal is immersed 
in oil, monobromonaphthalene, or other highly 
refractive liquid, the apparent angle is reduced, and both axes are more 
frequently capable of being brought to be visible in the field at once. 

It has been shown in Chapter XLI. that of the two rays into which 
a beam of light is converted — as the effect of doubh; refraction, on 
traversing a doubly refractive biaxial crystal along a direction lying 
in that principal section of the optical ellif)soid which has for its axes 
the directions corresponding to the minimum and maximum indices of 
refraction a and y, and which also contains the two ojffic axes— one of 
them, vibrating |)erpendicularly to this plane, reseml)les an ordinary 
ray as it has the constant intermediate refractive index ^ in all 
directions ; the other, vibrating in the optic axial plane, is an extra- 
ordinary ray, its refractive index varying from a to y, and along the 
directions of the two optic axes it has the value the same as the 
perpendicularly vibrating ordinary ray. Hence, if we know the value 
of this intermediate index jS of the crystal we can convert the apparent 
angle 2E of the optic axes into the real angle 2V,i by calculation with 
the aid of the formula : 



Fkk 758.— Opt, Ic Axial “ Brush ” 
Vertex adjusted to Spider-llnes 
of I’olariscope. 


(a) 


sin Va=- 


lE 




Moreover, when the apparent angle in air is too large for the 
emergence of the optic axes, but the latter are visible when the section- 
plate is immersed in oil or monobromonaphthalene, if we also know 
the refractive index /x of this immersion liquid, we can calculate the 
true angle 2Va from the apparent angle 2Ha in the liquid by means 
of the formula : 


(6) sin Va=^sin Ha- 

If we prepare another section-plate perpendicular to the obtuse 
bisectrix of the optic axial angle, the ^es will probably be invisible 
in air, but in the highly refractive liquid the angle will usually be 
sufficiently reduied to enable the axes to be seen, and the angle itself, 
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2Ho, to be measured. If /x and be known we can find 2Va at once from 
this observation alone, from the formula : 


(c) cos Va= Q sin 
P 

Now, the knowledge of both the apparent acute and apparent obtuse 
optic axial angles, 2Ha and 2Ho, thus obtained for liquid immersion enables 
us at once to calculate the true angle between the optic axes within the 
crystal, without requiring to know either the refractive index of the liquid 
or the index of the crystal. For. if, as before, 2Va represent this true 
acute angle, 2 Hh the apparent acute angle as measured while the plate 
perpendicular to the first median line is immersed in the liquid, and 2Ho 
the apparent obtuse angle similarly measured while the plate perpen- 
dicular to the second median line is immersed in the same liquid, in 
immediate succession before the temperature has had time to change, 
then : 


- sin 

{d) tan . . 

' ' sin Ho 

That is, the quotient of the sines of the halves of the two measured 
angles gives the tangent of half the true angle, the whole true angle 
being thus obtained by doubling the angular result of the calculation. 
The proof of this is at once afforded by dividing the equation (6) by the 
equation (c), the left part of the former by the left part of the latter, and 


similarly the right by the right. The terms ^ cancel, leaving equation (d). 

This method is of fairly general application, but it fails when the 
true angle is so small that the apparent obtuse angle, even in mono- 
bromonaphthalene or methylene iodide, is too large to be measurable, 
owing to the axial brushes not emerging or not being able to be brought 
into the centre of the field, the necessary rotation of the section-plate 
approaching very close to 90° on each side. In this case, however, if a 
liquid can be found of the same refractive index for sodium light as the 
mean index of the crystal, that is, the mean of all three indices a, p, and 
y, for sodium light, the acute angle for this same light, as measured in 
this liquid with the plate perpendicular to the first median line, will 
be the true angle, and for other wave-lengths will be approximately 
the true acute angle ; and if the dispersions of the crystal and liquid 
are similar, the true angle will be afforded for all wavelengths. 

If a liquid of exactly the same refractive index as the mean crystal 
index be not available, observations may be made in the two liquids avail- 
able of nearest indices, one slightly higher and one slightly lower, and the 
mean of the results taken, or a proper proportionate intermediate value. 

Indeed, it is not always necessary to cut a section-plate at all, if 
such a perfectly matched liquid (or pair of liquids) be available, although 
it is usually much preferable to do so if possible. For the interference 
figure is seen almost as well Ijhrough the whole crystal itself, when im- 
mersed in a parallel-sided cell of liquid of the same refractive index ; the 
edges and faces of the crystal almost perfectly disapp^r if the crystal 
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be colourless. This fact is of great use in the investigation of microscopic 
crystals, as we shall see later in Chapter LIII. 

It is frequently possible to produce a liquid of exactly the same 
refractive index as the mean index of the crystal, for the middle of the 
spectrum (conveniently for sodium light), by mixing two liquids of 
higher and lower refraction, assuming of course that the two liquids are 
readily miscible and that they are without any mutual interaction. It 
is very convenient to have a ready means of determining approximately 
the refractive index of a liquid, especially the product of such a mixture, 
and a simple apparatus for the purpose was described and exhibited 
by Dr. Thomas and Mr. A. F. Hallimond at the meeting of the Minera- 
logical Society on November 9, 1920. The essentials are a telescope and 
collimator, such as those of any goniometer, arrangcid in the same straight 
horizontal line, as when taking a direct reading of the slit ; a Websky 
slit is employed as usual, and a linear horizontal scale is added at the 
focus of the eyepiece. On a little adjustable stand between the optical tubes 
a parallel-sided and fairly narrow rectangular glass cell is supported, for 
the reception of the liquid, and in it is placed upright (on its base) at the 
middle of the cell a little isosceles triangular right-angled prism of glass of 
known refractive index ; it fits the cell closely, the hypotenuse face resting 
against the side of the cell nearer the objective of the telescope, and the 
90®-edge formed by the two equal faces (each at 45® to the hypotenuse face) 
just touching the farther side of the cell. Several such prisms, of suitably 
different refraction to form a series of reference indices, are provided. 
When the prism chosen is in position in the cell, and the liquid is added, 
if the latter be of the same refractive index a single image of the Websky 
slit is seen through the telescope, at the scale zero in the centre of the 
field, just as when cell, prism, and liquid are absent. But if the refractive 
indices of hquid and prism be different two images are seen, one on each 
side of the centre, and the scale, previously calibrated with liquids of 
known refractive index, affords by its readings for the two images, and a 
reference to the calibration curve, the actual refractive index of the liquid. 

It IS possible to calculate the optic axial angle from the three 
refractive indices a, y, when the latter are known, by means of 
either of the formulae : 


tan Va 


a\l 



Only an approximate result is afforded, however ; for a slight error of 
a unit or two in the fourth place of decimals of the refractive index 
causes a relatively very large difference in the optic axial angle. Hence, 
this method of arriving at the optic axial angle is only for use in the 
last resort, when no direct measurement is possible. An experimental 
determination is usually possible, however, and is infinitely more 
valuable and to ^e preferred. 
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The best form of polariscope for the measurement of 2E, 2Ha, and 
2Ho is the larger optic-axial-angle goniometer constructed by Fuess. 
This excellent instrument is shown in Fig. 759, and also in Fig. 760 as 
employed with the spectroscopic monochromatic illuminator and lime- 
light lantern. It is also shown in Fig. 761 with tlie electric lantern, the 
arrangement of the whole apparatus being that now always adopted by 

the author ; this illustration 
also shows the apparatus for 
heating the crystal when it 
is desired to repeat the 
measurements at higher tem- 
peratures. 

The instrument is essentially a 
combination of the horizontal-circle 
goniometer and a polariscope. The 
circle a is the same as that of the 
No, 2a Fuess goniometer, and the 
crystal-adjusting ^ apparatus b and 
centring apparatus c is also similar, 
but is susj[>ended below the circle 
instead of rising above it, the 
vernier table d and covering bevel- 
case d' for the circle being sup- 
ported by two rigid wide columns 
e. The crystal, mounted on its 
little circular glass plate /, is sus- 
pended from the crystal-holder g 
below the adjusting and centring 
movements, and the polariscope 
hk is arranged at the same height 
with its horizontal axis parallel to 
a diameter of the circle. It con- 
sists of a polarising tube h with 
convergent ions system I, in this 
instrument a single hemispherical 
lens, and in the same axial line an 
analysing tube k with a similar 
lens system I' (also a simple hemi- 
sphere of glass in this polariscope), 

Fig. 759.— barger Optlc-axial-angle Goiiiometer. to collect the light rays again after 

their passage through the crystal 
suspended between the two tubes and their lens systems. Each tube is held in a 
collar m forming part of one of the columns e, which is widened at this height and 
pierced for the passage of the optical tube. 

The polarising tube h carries an objective lens n at its outer end, where the light 

^ It is a great advantage to have the two circular adjusting movements graduated, 
as in the case of the author’s cutting and grinding goniometer (Figs. 702 and 706, 
pages 933 and 942). The measurement of horizontal dispersion of the median lines 
IS thereby rendered very simple, for instance. The upper fixed cylindrical segment 
of each should carry a divided silver arc, and the lower movable part of each an 
indicating mark (normally opposite the zero central position) also, engraved on silver. 
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enters from the white-light goniometer lamp or the monochromatic illuminator ; then 
comes the polarising Nicol prism in the middle of the optical tube, and subsequently, 



about an inch from the inner end of the tube nearest the crystal a second lens similar 
to the first. Withi% this inner end there fits finally a short tube bearing at its extremity 
VOL. IT * U 
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nearest the ciystal the hemispherical lens I, with its plane side next to the crystal. 
The Oollar m supports this polarising tube in an outer tube o rigidly attached to m ; 
and a second short inner tube p slides within o by rack q and pinion r, by which the 
polarising tube h itself, fitting tightly in the rack-tube p, can be racked closer to or 
further away from the crystal as may be required for the production of the best- 
lighted field of interference rings and brushes. The rack-tube has two notches in it, 
at 45° apart, and the polarising tube carries a tightening collar s bearing a corre- 
sponding projection, so that the tube may be automatical!}’ arranged with the plane 
of polarisation of the Nicol horizontal (or vertical) or at 45” thereto. 

The analysing tube k comprises the inverted duplicate hemispherical lens I' (plane 
side towards the crystal) as convergent system, an adjustable glass plate bearing the 
engraved cross-lines — one horizontal and two vertical lines, the latter an apparent 
couple of millimetres apart~the eyepiece t and the analysing Nicol, the latter rotatable 
and provided with a bevelled silver circle u moving over a flanged collar v bearing also 
on silver the indicator mark. The collar is grooved and the outer tube of the analysing 
Nicol correspondingly keyed, to prevent rotation when the Nicol is rotated. 

In the centre of the basal tabic is a bored cylindrical column w, adjustable for 
height by means of a rack an<l pinion x, and in the bore of which may bo inserted the 
j)cg of a small rectangular table y, clami)cd by the screw z, to support the j>arallcl- 
sided cell a for the highly refractive liquid to be employed as immersion liquid during 
some of the determinations. A little collimator tube fi is also mounted on a separate 
column y, about 35” to the left of the analysing tube, bearing a cross-line signal on 
glass instead of a slit, for occasional use in obtaining a reflection from a crystal- 
plate which it is desired to arrange normally to the axis of the polariscope tubes. 

The circle is read by the two microscopes 5, and is fi.\(*d by the clamping screw r/, 
and finely adjusted by the screw 0. The rotation of the circle is accomi>!ishcd by the 
large milled wheel X ; it may also be clamped to the crystal axis by the tightening 
screw jJL of the locking collar tt. The crystal axis may be raised or lowered by moans 
of the milled head <p at the summit of the instrument, and fixed at the desired height 
by a tightening scre.w and collar not shown (below X). The whole is mounted on a 
stout base with three feet w. 

This instrument has been found most satisfactory, in the form here 
descriiied, for the measurement of optic a.xial angles. Some later 
innovations in the construction of the jiolariscojie introduced by Fuess 
have not, in the author’s opinion, been imjirovements. The small 
illuminating spectroscojiic attachment provided with it is of little use, 
especially in cases of ojitic axial angles of wide or crossed-axial-plane 
dispersion. But the parts just described form the best and most 
delicately accurate goniometrical jiolariscope with which the author has 
ever experimented, and when used with the spectroscojiic monochromatic 
illuminator described in Chapter XLIV. and shown in position in 
Figs. 760 and 761 the apparatus works to perfection. 

When it is desired to conduct the determinations for higher temperatures than the 
ordinary, the little table supporting the cell of liquid is replaced by a metallic air- 
bath fitting, shown at v in Fig. 761 on the plinth of the monochromatic illuminator. 
It is an elongated rectangular box, the top of which is divided in the middle so as to 
be capable of being drawn off in two halves, a half from each side, leaving the centre 
open for the lowering of the crystal-plate into the middle of the bath, after which the 
two cover-slides can be slid in their grooves (cut in ^ho uppt'r edges of the sides) back 
again so as to close up the bath. A semicircle is cut out of each half of the cover at 
its inner end in ordeigihat the two parts may close together without quite touching the 
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crystal-holder, which thus passes readily through the circular hole formed by the 
approximation of the two halves. To ensure still better closing of the hot-air chamber 
a split disc, w in Fig. 761, hinged at one extremity of the diameter along which it has 
been cut, and with a square hole in the centre the exact shape of the section of the 
crystal-holder, may be fitted round the latter so as to rest loosely on the top of the 
bath over the circular aperture. A window x filled with truly plane -pt^allel glass 
is arranged at the centre of each side of the bath, opposite the optical tube in each 
case, the plane surface of the hemispherical lens of which is brought up to within 
a couple of millimetres of it during a determination. Each of these windows is fitted 
in a circular cap, screwed into the box side, and with just sufficient play to permit of 
the different expansion of the metal and glass during the heating. Two thermometers 
y, bent at an angle near the bulbs, may bo introduced through two other holes near the 
central aperture, the stems being supported horizontally on two little stirrup-rests 
standing up from the lid in each case, while the bulb is within the bath quite close to 
the crystal. The author employs two miniature Bunsen burners to heat the apparatus, 
one near each end, the gas supply, regulated by a Stott governor and a graduated tap 
with lover-indicator, being delivered equally to them from a T-piece, on each side of 
which is a screw pinch-cock to effect any desirable separate control of the minute 
flames in order to ensure equal temperatures in the bath on each side of the crystal, as 
indicated by the two thermometers. 

The conduction of heat by the crystal-holder is a serious matter when 
the crystal-plate or its glass mount is held directly by the clip-holder, 
but is considerably reduced by the use of a platinum holder, constructed 
out of thick foil and held firmly by the ordinary clip-liolder, or better 
still in one of hard non-conducting boxwood rejfiacing the ordinary holder. 
The correction for conduction under those conditions was determined in 
the case of the author’s instrument by suspending the bulb of a minia- 
ture thermometer in the bath in the place of the crystal. The necossary 
correction was found, as the mean of several closely agreeing experi- 
ments, and even with all these precautions taken, to be as much as 7° in 
the neighbourhood of 100° C. 

Another apparatus for determining the optic axial angle at tempera- 
tures higher than the ordinary, by hot liquid immersion, is described on 
page 1069 and illustrated in Fig. 778, which enables the exact temperature 
of the crystal to be determined directly, thus entirely avoiding this large 
correction inseparable from the use of an air-bath. 

The angle taken in by the above described optic - axial - angle 
goniometer for accurate work is necessarily small, in order to ensure 
adequate refinement of measurement, and the much wider angle afforded 
by the polariscopical goniometer of the von Groth universal apparatus 
renders that instrument preferable for demonstration work. It is shown 
in Fig. 762 partly in section and with the optical tubes separately 
exhibited in section below, and in Fig. 763 in position in front of the 
monochromatic illuminator. It includes a much wider field, embracing 
both optic axes at once with their complete system of lemniscates, 
unless the apparent angle 2E between the optic axes be uncommonly 
large, corresponding to a l^ue angle 2Va of nearly 90°. This instru- 
ment may also be used for measuring the optic axial angle, but one 
must then be content with a lower degree of accuracy.# 
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The optical tubes of this apparatus designed by von Grotli and constructed by Fuess 
have already been partially described in connection with the stauroscope discussed in 
Chapter XLV. and shown in Fig. 723 (page 975). The polarising tube i bears the 
two lenses j and k with the large Nicol prism I between them just as in the stauroscope. 
But immediately after the lens k the condensing system of four lenses a, b, r, d follows 
cloi^ly, each mounted separately in its own screw cap so that it can be readily detached 
or added,* according to the amount of convergence required to produce the most 
suitable rings and brushes with any particular section-plate, the number and closeness 
of the rings depending largely on two factors, the thickness of the plate and the 




Fio. 702.— Optic-axial-angle Goniometer of the von Groth Universal Apparatus. 


amount of the double refraction, the former varying inversely as the latter. This 
polarising tube slides freely in a short outer tube e carried rigidly by one of the two 
columns / of the instrument, each of which is cast with a ring expansion g just below 
the centre, in which ring the outer tube is screwed. This outer tube boars two 
notches at 45° apart, to fit a V-projection on a tightening collar clami)ed round the 
polarising tube, so that when the plane of polarisation of the Nicol has once been 
determined, the tube can bo inserted with this plane either vertical or obhquely at 45 . 

The analysing tube t is supported in a similar manner in an outer tube h carried 
by the ring expansion g of the other column, an(^ a couple of notches are cut in the 
outer tube at 46° apart to gear with a corresponding V. projection on a collar carried 
by the analysing f§be. Moreover, there is a vertical vernier-plate m for a circle, 
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carried round the outer tube and close up to and in front of the ring of the column, 
in order that a cap provided with a large bevelled silver divided circle may (it over 
it ; this special cap boars a short tube, in which the analysing Nicol prism x to be 
presently referred to, together with its carrying tube, may be inserted, when the 
instrument is to be used for another purpose to be described in Chapter L., that of 
determining the angle of rotation of the plane of polarisation of light by a plate of 
an optically active crystal (see Fig. 794, page 1087). * 

The analysing tube carries at the end nearest the polarising tube and the crystal 
a series of four short focus lenses a', h\ r', d', similar in every respect, including focal 
length and curvature, to those of the polarising tube. J ust beyond the fourth provision 
is made for the adjustable insertion of a glass plate n bearing an engraved scale, which 
can be calibrated, by comparison with the interference figures of crystals of known 
optic axial angle, so that the value of the divisions in optic-axial-angle magnitudes 



Fig. 703, — The Wide-angle von Oroth Apparatus arranged with Monochromatic Illuminator for 
the Measurement of Optic Axial Angles or Observation ol the Interference Figures. 

shall be known. This is best removed if the instrument has to be used either for 
real measuring of the optic axial angle by the attached goniometer, or for the study 
or photogra])hy of the interference figures, as it disturbs the beauty of the interference 
figures. Further along the tube is the viewing lens o, carried in an adjustable inner 
tube, slotted to gear with a pin in the main tube in order that no rotation shall be 
possible. The scale n is situated at its focus. A diaphragm p follows a little dis- 
tance further, where the inner tube narrows and eventually terminates in a flange q 
which gives it a broad flat end, which is silvered and engraved with an indicator mark 
for the circle of the analysing Nicol x. This latter is carried in a short tube provided 
with a flange bearing the bevelled silver divided circle r. The narrow part of the 
inner tube close to the thicker part has a pair of slots s cut in it at positions dia- 
metrically opposite to each other ^.nd which, when desired, can bd inclined 46° to the 
vertical and horizontal directions, for the reception of a mica quarter-undulation 
plate or a quartz wedge. The slots can be closed by a rotating inner cylindrical 
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shuttt^r, manipulated by a pin projecting through one of the sluts, when the mica or 
quartz is not required. 

The base of the instrument carries in the centre under the crystal a little table 
adjustable for height by means of a rising and falling column, in order that the crystal 
may bo immersed in a ceil v containing a highly refractive liquid, such as monobromo* 
naphthalene, for the measurement of 2Ha and 2II„. 

The 1;wo columns carry at their iqipcr kirminations the goniometer circle w, 
divided on its wide silver limb directly to 20', and reading to single minutes with 
the aid of a vernier carried on a similar flat and broad silver limb moving concentric- 
ally within the ciicle plate and flush with it. Hotalion of this vernier disc is effected 
I7y means of a lever arm y carrying a large milled head 2, which is the liead of a clamp- 
ing screw by which the vernier and circle-plates may be clHin[ied togidlier with the 
aid of a small bracki't-piece fitting a groove in the jicnphery of the circle-plate. Around 
the central boss of the vernier plate, from which the arm radiates, a 1 ing is loosely 
fitted, having two light arms branching off o|)po.«ite to one another and terminating 
in holders for a coujile of small microscopes z' and z", with which to read the circle 
at diametrically opposite positions. 

Within t he central boss there is capable of either in<le])end<'nt or clamped rotation 
the axis a, terminating in the crystal-holder and carrying the means of adjustment 
of the crystal, 'fhe nature of the centring and adjusting movements will be clear 
from Fig. 7<j2. Tlu'y are both simjilo movements of a .sluling character, the centring 
movement /i being I hat of a flat circular disc within a flat circular box of large diameter, 
and the adjusting movement 7 that of a shallow cup-shaped disc of spherical curvature 
within a similarly sha]»c(l box, the disc being fixed to the axis and the box being 
movable about it m this case ; both boxes have on one side (the lower and the upper 
in the two res])ective cases) .six radial saw-cuts in three }iairs close togidhor so as to 
grip the discs by three strips which can be slightly bent in. The adjusting move- 
ment IS carried just above the crystal -holder (5, oin* of the usual spiring gripping tyfio, 
and from its disc rises the inner axial rod a, which slide.s within a short wider tube 
carried below by the centring disc ji, which is ]iierced in order t hat a long length of 
inner axis a may be available. A fixing screw ( enables the axis to be clamped at 
the right height for the most iierfect passage of the rays from the polariser through 
the crystal. 

A heating apparatus consisting of a rectangular bronze air-bath, similar to that 
of the larger o])tic-a\ial-angle goniometer, is ])ro\ided for use with the instrument. 
As the convergent system, when all the lenses are ein])loyed, is a much more powerful 
one, however, than that of the iiolariscopical goniometer just referred to, the two 
(qitical tubes require to be brought with their convergent systems closer together, 
nearer to the crystal. Hence, the two circular -iiarallel-platt' glass windows are fitted 
in circular frames ta}»ped with a screw thread on thmr periphery, to lit similar threads 
in the two circular apertures facing each other in the box sides, so that by means 
of a key provided they may be screwed mor(‘ or less deeply into the box, and thus 
enable the two convergent systems to iHUietrate ad<‘quately within the box without 
quite touching the window. 

As an exainplc of an actual determination the measurements and 
results of the calculations may be quoted for the optic axial angle of 
monoclinic ammonium magnesium sulphate. The plane of the ojitic 
axes of the crystals of this salt is the symmetry plane, and the first 
median line (acute bi.sectrix of optic axial angle) is inclined 12° 8' to the 
axis a, and the second median line (obtutfc bisectrix) is inclined 4° 58' to 
the vertical axis c, in front of the latter. 
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Determination of Optic Axial Angle of (NH4)2Mg(SOi)2 . GHoO. 


with Section-plate Perpendicular to 
Acute Misectrlx. 

With Section-plate Perpendicular 
to Obtuse nisectrly. 

Apparent Angle in 
Air 2E. 

Apparent Angle In Mono- 
broinonaphthalene 2IL. 

Apparent Angle In Monobromy- 
naphthalene 211„. 

Li-light 79° 15' 

45° 21' 

106° 35' 

C „ 79 14 

45 18 

106 30 

Na „ 79 10 

44 5() 

106 0 

T1 „ 78 59 

44 :i8 

105 28 

F „ 78 44 

4:i 57 

104 35 


Calculations. 




Calculated Value of V^. 

Calculated Value of 2V,^. 

Exproasion for tan 

sin H i 
sin Ho* 



For Li-light, tan Va 

sin22°40i' 
sin 53 17 J 

25° 41' 

51° 22' 

c „ 

sin 22 39 

25 40 

51 20 


sin 53 15 


Na „ 

sin 22 28 

25 34 

51 8 


sin 53 0 


T1 

sin 22 19 

25 30 

51 0 

sin 52 44 



F „ 

sin 21 68J 

25 19 

50 38 


~ sin 52 17^ 



The values of 2V,i derived from the measurements of two other pairs 
of section-plates were within a few minutes of the values just given in 
the last column, and the final mean values for 2V,^ derived from all three 
sets of determinations are set forth below : 


Li-light 

. 51° 20' 

G „ 

. 51 18 

Na „ 

. 51 11 

Tl „ 

. 51 2 

F „ 

. 50 36 


The values for (Might are not as a rule adequately accurately 
determinable in monobromonaphthalene, owing to the absorptive power 
of the liquid for violet light. 

Determination of the Dispersion of the Median Lines. Case 1. 
Inclined Dispersion of both Median Lines (both lying in the symmetry 
plane). — The theoretical discussion of this subject, which concerns only 
monoclinic and triclinic crystals, has already been given in Chapter XLIL, 
p. 927, and the three cases possible to monoclinic crystals explained ; 
hence it only remains here to describe the practical operations involved 
in the determination. r- 
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It will be obvious that the first median line can only be truly 
perpendicular to the section-plate for one colour, and the plate is 
generally cut truly for sodium light, a convenient radiation not very far 
from the middle of the spectrum, and one for which under any circum- 
stances the stauroscopic observations will have been made. The amount 
of the dispersion is usually very small, rarely exceeding a degree and 
generally only a few minutes, and consequently too small to introduce 
any appreciable error in the measurement of the optic axial angle for 
wave-lengths other than that of sodium light. It is so small, indeed, as 
a rule, as to be almost undetectable in the determination of the extinction 
directions in the symmetry ])lane by the stauroscoj)e for red light and 
for blue light, and this is, therefore, by no means a method of precision 
for determining such a small amount of dis])ersion of the median 
lines. 

In order to determine it acimrately, after measuring the ojitic axial 
angle in the ordinary manner just de.scribed for the usual wave-lengths, 
ineluding the limiting wave-lengths between whieh we wish to find the 
dispersion, we also measure the separate movement of each ojitic axis 
while the crystal is immersed in a liquid of the same refractive index for 
sodium light as the mean index of the crystal. The series of measure- 
ments in monobromonaphthalene do not serve for both purjioses, because 
the dispersion of the axes varies with the liquid, and the true angle 
within the crystal is only afforded when the refraidive index of the liquid 
is the same as that of the crystal. 

The crystal axis of the optic-axial-angle goniometer is rigidly locked 
to the circle during the measurements, and the orientation of the section- 
plate is also carefully noted as regards the crystal faces, so as to ascertain 
in which direction the dispersion of the median line occurs. For this 
reason it is always advisable to leave as many faces uninjured on the 
edges of the section-jilate as possible, to be used as reference faces during 
these measurements, that is, to inform us on which side, right or left, of 
the adjusted section-jilate the crystallographic axes a and c are situated. 
From the actual circle readings for the positions of the two optic axes 
for red Li-light or C-light and for greenish-blue F-light (the angle for G- 
light being rarely obtainable with adequate accuracy on account of the 
feebleness of the light escaping absorption) the movement of each axis 
can be readily found, and the mean of the two determinations (or the half 
of their difference) for the two axes is taken as the amount of the disper- 
sion of the first median line. 

The measurement of the ojitic axial angle in a liquid of the same 
refractive index is also of use as indicating, at any rate approximately, 
the magnitude of the true angle and of confirming the order of 
dispersion of the axes, as shown by the calculated results of 2Va 
from 2H,j and 2H,„ even in the cases of rhombic crystals, whenever 
the variation of the optic axial angle for different wave-lengths is very 
small, a few minutes only for instance. • 

The example of monoclinic ammonium magnesium sulphate may 
again be taken# as an illustration as regards the determination of 
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inclined dispersion ; for the optic axes of the crystals of this salt lie in 
the symmetry plane. The mean refractive index (mean of all three 
indices a, y for sodium light) is 1‘4744. From the list of refractive 
indices given on page 810 in Chapter XXXVII. it will be observed that 
oil of turpentine has a refractive index of 1 ‘4725 at 20°, and at the 
temperature of the experiment, about 15°, the index of this liquid is 
1*474. It is thus particularly suitable for the purpose. Observations 
in this liquid with the same section-plate as was used in the measure- 
ments in rnonobromonaphthalene quoted on page 1048 showed that the 
first median line lay 17' nearer to the a axis for red C-hydrogen light 
than for green F-hydrogen light. 

Case 2. Horizontal Dispersion of the First Median Line.- The plane 
of the optic axes in this case is perpendicular to the symmetry plane 
and the first median line lies in the symmetry plane and is dispersed in it, 
the second median line being the immovable symmetry axis b. When the 
crystal-adjusting segments of the j)olariscopical goniometer are graduated, 
as recommended on page 1040 (in the footnote), the measurement of 
horizontal dispersion is j)€rfectly simple. For then that segment the 
vertical plane of movement of which is perpendicular to the section-plate 
only requires to be moved, and the movement read off on the silver arc, 
between the two positions when the optic axial interference figure is 
adjusted to the horizontal cross-wire, as if for the measurement of the 
optic axial angle, in light of the two extremes of the 8])ectrum, say red 
C- and greenish-blue F-hydrogen light. The crystal should ])refenil)ly be 
immersed in a liquid of the same refractive index during the measure- 
ment. The angle thus read off on the segment-arc is the dispersion of the 
first median line required, between C and F. As an example of the mode 
of conducting the measurement of the amount of horizontal disjiersion 
when this simple method is not available, the adjusting segments not being 
provided with graduated arcs, the determination in the case of the 
monoclinic form of ammonium selenate (NH 4 ) 2 Se 04 may be quoted. 

The section-plate was adjusted so that the line joining the two o])tic 
axes for sodium light was arranged vertically (on the vertical spider-line 
or its prolongation) instead of horizontally, and the Nicols were set at 
90° and 0° instead of at 45° and 135°. Each of the optic axes in turn 
was brought to the centre of the cross-lines by rotation of the back- 
to-front cylindrical adjusting segment of the jiolarising goniometer, and 
measurements were then made of the lateral difference of position of 
the axis for the two limiting wave-lengths of light- in this instance red 
C- and greenish-blue F-light — by rotation of the circle (with the crystal) 
for the slight amount necessary to adjust the optic axis exactly to the 
centre of the spider-lines for the two colours in turn, while the plate was 
immersed in (1) oil of cassia (jLi = 1*5862) and (2) .oil of anis (p, = 1*5540), 
the refractive indices for sodium light of which two liquids are slightly 
higher and lower respectively than the mean index for sodium light of 
ammonium selenate crystal^ (1’5694). Both series of determinations 
(for the two separate optic axes) agreed in indicating that the two optic 
axes are dispersed 12' between C-light and F-light, 'VMhich, taking into 
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consideration the position of either optic axis between the fixed second 
median line (parallel to the immovable symmetry axis) and the movable 
first median line, as indicated by the optic axial angle (37° 19' for C-light 
and 38° 44' for F-light), corresponds to a dispemion of the first median 
line of 13', as will next be shown. 

Th^ problem is to find the angle 6 in the spherical triangle in Fig. 
764, in which and B„p are the two positions of the movable acute 

bisectrix for C- and F-light respec- 
tively, Bo is the immovable obtuse 
bisectrix, C the position of one of 
the optic axes (that lying in this 
quadrant) for C-light and F the fkj. 

same for F-light. The actual 12' 

angle measured was the line CF at right angles to the base BoCB,ic, 
that is, the displacement of the optic axis parallel 
to the horizontal cross-wire, which is })arallel to 
^iio Bap, the angle recpiired between the positions 
of the first median line for the two wave-lengths. 
Now this latter required angle is the angle 6, 
and from the data now' acquired it can be calcu- 
lated at once. For FCBp is a spherical triangle 
with a right angle at C, the side CB,, is the 
com])lement of V„ for C-light which is 18° 40', 
and the short side CF is tin; measured 12'. 
Hence, constructing a Napierian diagram (Fig. 



V,r.7i*20' 


Fm. 765. 


765), we obtain from it the relation : 


sin 71° 20' = tan 12'. cot 6 ; and cot 0--=sin 71° 20' cot 12' 

Log. ?in 71° 20' 

T.og. cot 12' --- 2-45700 

Log. cot e rr 2-43.362 0 = 13'. 


Thus, in cases like this, where the horizontal dispersion is very small, 
this calculation is not absolutely necessary, for the dilference of one minute 
between 12' and 13' is less than the possible error in determining the 
amount of horizontal di.splacement of the optic axis experimentally. 
Hence, when the angle is small the displaceimmt of the first median line 
may be taken as being sensibly afforded by the displacement of either 
of the optic axes. After some experience with optic axial angles and 
dispersions of different magnitudes it is, however, quite jio.ssible to draw 
up a scale of these minute corrections. Until this information has been 
accumulated, however, it is safest to make the simple calculation in 
every case. The largest amount of horizontal dispersion met with by 
the author in his investigations is 3° 50', in the case of csesium magnesium 
chromate, Cs 2 Mg(Cr 04)2 . OHgO, and the following account of its measure- 
ment is taken from the memoir ^ on the sftbject : 

' Mineralogical Magazine^ 1912, 16, 169. 
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“ The section-plate — the orientation of which was clearly known from 
the crystal- faces left on the edges — was arranged so that the plane of the 
optic axes was vertical, and the planes of the Nicols were made vertical 
and horizontal. The section was then tilted by one of the adjusting 
segments until one of the optic axes, as seen first in monobromonaphthalene 
and subsequently in acetylene tetrabromide, was adjusted to the ho*zizontal 
cross-wire. It was then brought exactly to the vertical wire for red 
lithium-light, and next for green cadmium-light, by rotation of the 
goniometer circle, and the readings of the latter for each position taken. 
The difference of the readings was the apparent dispersion of that optic 
axis in the liquid employed. Monobromonaphthalene has a somewhat 
higher refractive index (1-6657 for sodium-light), and acetylene tetra- 
bromide a somewhat lower one (1-6380), than the mean crystal index 
(1*6447), and the mean of the indications may be taken as the true value. 
It proved to be 3° 14' in the latter liquid and 3° 10' in the former one, so 
that the mean 3° 12' may be safely taken as the true dispersion of that 
axis. Similar operations carried out with the other o])tic axis gave an 
identical result. The direction is .such that the median line will be nearer 
to the vertical axis c for green cadmium-light than for red lithium-light. 
The semi-optic-axial-angle for sodium-light being 33° 32', the di.s})ersion B 
of the median line is given by the formula: cot ^ = sin (90° -33° 32') 
cot 3° 12', from which 6 is found to be 3° 50'. Hence, the first median 
line is dispersed in the symnietry-iilane .so that it is nearer to the vertical 
axis c by 3° 50' for green cadmium-light than it is for red lithium-light. 
An identical result was obtained by determining also the position of the 
axes for sodium-light, and then calculating the difference of position for 
lithium-light on one side and for cadmium-light on the otlu'r. The sum 
of the two was 3° 50'.” 

Case 3. Crossed Dispersion of the Second Median Line. — The plane 
of the optic axes is again perpendicular to the symmetry plane, but the 
movable bisectrix lying in the .symmetry plane is now the second median 
line instead of the first. The measurement of the displacement is carried 
out just as for case 2, except that it is the plate perpendicular to the 
second median line which is employed, instead of the one perpendicular 
to the first median line. 

Use of the Quarter -wave Mica Plate and Quartz Wedge for the 
Determination of the Sign of the Double Refraction.— When the quarter- 
wave mica plate referred to in Chapter XLII., in the form of the 6 by 1 
centimetre strip described on page 912, is inserted diagonally at 45° to 
the planes of the crossed polariser and analyser, during the examination 
of the section-plate of a uniaxial crystal perpendicular to the axis in 
convergent polarised light, the mica being inserted between the crystal- 
plate and the analyser, the figure is altered in opposite ways in alternate 
quadrants. The |A effect of the mica is added to that of the crystal 
in one pair of quadrants, and subtracted from it in the alternative 
opposite pair. It has to be ^remembered that the quarter-wave mica 
plate transmits two rays, one vibrating mgre slowly parallel to the axis y 
of the indicatrix (parallel to the length of the 6 cm. by 1 cm. plate), and 
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the other vibrating more rapidly at right angles to the first, parallel to 
the axis ^ of the indicatrix (parallel to the ends of the plate), the total 
difference of phase being exactly A/4. Supposing the elongated mica plate, 
indicated by the crossed arrow, to be arranged as shown in Fig. 766, 
passing across parallel to the diameter bisecting quadrants 1 and 3, and 
that tffe crystal is of positive double refraction, the portions of the rings 
in these quadrants are contracted, and those in the other two quadrants 
to a similar extent expanded, the effect being to bring the dark (monochro- 
matic light being used) arcs of any one quadrant opposite the illuminated 
arcs of the two adjacent quadrants, at the rectangular junctions ; while 
if the crystal be negative the rings are expanded in the 1 and 3 quadrants 
and contracted in 2 and 4, as shown in Fig. 767. If white light be employed, 
the colours exhibited by the rings in adjacent quadrants are coin})lementary. 
The dark cross, with arms parallel to the planes of the Nicols, vertical and 


+ 



Kifl, 700. -Kirect of Quarter-wave Mica Plato FiG. 707.— Kifoct of Quarter-wave Mica Pluto 
on tlio Interference FlKuro of a Positive on the Interference Figure of a Negative 
Uniaxial Crystal. Uniaxial Crystal. 

horizontal, also disappears, as a result of the circular jiolarisation which is 
introduced by the quarter-wave mica ])late, and instead, whether mono- 
chromatic or white light be employed, the innermost ])ortion of each quad- 
rant in which the rings are expanded, that is, the ajiex of the quadrant 
adjacent to the centre, becomes a dark sjiot. A useful rule to remember 
is, that if the two spots lie on the diagonal line along which the mica strip 
is inserted, as in Fig. 767, the crystal is negative ; whereas, when the two 
spots are on each side of that diagonal line, on a line at right angles to it 
(parallel to the short edges of the rectangular mica plate, and thus jiarallel 
to the axis, and perpendicular to the y axis of the indicatrix which joins 
the appar.mt positions of the tw'o optic axes of the mica), as represented 
in Fig. 766, the crystal is positive. As an aid to the memory, it may be 
pointed out that the line joining the two spots makes with respect to the 
length of the mica plate the sign -F in % case of positive crystals, and 
the sign - in the case of negative crystals. Another memory rule is, 
that the rings »re enlarged and spots formed in those quadrants through 
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whicli the long direction line of the mica passes when the crystal is 
negative. 

In explanation of these phenomena we may consider the case of a 
positive uniaxial crystal in convergent monochromatic polarised light. 
The original first dark ring, the position of which is indicated in Fig. 766 
by a dotted circle, is produced owing to the retardation here of^one of 
the two rays (into which the light from the polariser is resolved on entering 
the crystal) behind the other for a whole wave-length A, an extra A/2 
difference being also added by the analyser, thus rendering the conditions 
those for darkness instead of light. Of the two rays the extraordinary 
is the slower one vibrating in the principal section, and the ordinary the 
faster one vibrating perpendicular to that section and to the optic axis. 
In quadrant 1 or 3 the effect of the introduction of the quarter-wave 
mica plate is to accentuate by A/4 the difference of phase, so that a full 
wave-length of difference is already produced at a position p nearer the 
centre of the figure, so that with the aid of the analyser (-fA/2) the 
conditions at arc those for a dark ring. Contrariwise, in quadrant 2 
or 4, the difference of phase is diminished by A/4 on introducing the mica 
plate, and the first ring will only be produced at q, further removed from 
the centre. The exact conditions will be clear from the scheme set out 
below. 

Conditions on Introduction of X/4 Mica Plate. 

For position p. For position q. 


Mica 


Crystal 


(Lon^ direction, Narrow direction, 
of slower of faster 

[ (slowest) ray y. (medium) ray /5 
f Extraordinary, Ordinary, faster 
( slower ray. ray. 


Result of 
combination 


Slower still. 


Faster .still. 


Long direction, 
of slower y. 

Ordinary, 
fa.stcr ray. 

Faster ray 
rendered not 
relatively .so 
fast. 


Narrow direction, 
of faster fi. 

Extraordinary, 
slower ray. 

Slower ray 
hastened. 


Retardation of first ray behind 
second increased by X/4. 


Retardation of second ray behind 
first reduced by X/4. 


Similarly, the radius of every further ring is diminished in the quadrants 

1 and 3, and increased in quadrants 2 and 4. 

In negative crystals the ordinary is the slower ray and the extra- 
ordinary the faster, so that the conditions are inverted, the radius of the 
rings in quadrants 1 and 3 being increased, and that of rings in quadrants 

2 and 4 reduced. 

An analogous effect is produced with a biaxial crystal-plate, as shown 
in Figs. 768 and 769. The crystal must be arranged with the line joining 
the pair of optic axes parallel to one of the planes of the crossed Nicols, 
and on inserting the mica plate diagonally as before, indicated by the 
dotted line MM, the following effects are observed. If the crystal be 
positive (the first median line^ being the y axis of the indicatrix, and 
therefore the direction of least vibration velocity) two dark spots are 
produced adjacent to the horizontal diameter PP in f»he quadrants 2 
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and 4 in which the rings are expanded, that is, above the horizontal 
line on the left (fourth quadrant) and below (second quadrant) on the 
right ; while if the crystal be negative (the first median line being a, 
the direction of maximum velocity), the spots will be conversely 
arraoged, below on the left (third quadrant) and above on the right 
(first qimdrant). A similar memory rule may be remembered as for 
uniaxial crystals, namely, that when the crystal is positive the rings 
are enlarged, and the sf)ots a])pear, in those quadrants through which 
the direction line of the elongated mica plate does not pass ; and 
that when the crystal is negative the ring expansion occurs, and the spots 
a])pear, in those quadrants which are traversed by the mica plate (that 
is, bisected by the diametral line representing the length of the mica 
plate). 

It must be remembered as regards both the uniaxial and the biaxial 


+ 



Fio 7(1S. — Fiiroct of (Miarter-\V!i\o Mica Plato PIO. 7(10.— Kffoct of Quartor-wavo Mica Plate 

on the Interference Figure of a Positive on the Interference Figure of a Negative 
nia\i,il C 1 ystal. ]iia.\ial Crystal. 

figures, however, that tin* spots an^ not regarded as the beginnings of new 
rings, but as the remains of the black cross. They are black, indeed, in 
white light as well as in monochromatic light. 

The interference figures afforded by a section-plate perpendicular 
to the second median line (in a highly refractive liquid) exhibit inverse 
fihenomena as in Fig. 768 for a negative crystal, and as in Fig. 769 for a 
positive. 

When two quarter-wave plates are emjiloyed, one before and one 
after the crystal-plate, both arranged with their y-direction at 45° to the 
planes of vibration of the crossed Nicols, the dark cross of either a uniaxial 
or a biaxial figure will disappear altogether, and the rings appear alone 
and undisplaced, that is as continuous rings ; in the case of a uniaxial 
crystal they are truly circular, exactly resembling Newton’s rings or those 
afforded by a concave film of gypsum (selenite) or a concave plat« of 
quartz. On rot^ion of the analyser the rings will expand or contract, 
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according to the direction in which the analyser is turned, very much like 
those of an optically active crystal such as quartz. These facts are true 
whether the light be monochromatic or ordinary white light, the only 
difference being that the rings are dark in the former case and spectrum 
coloured in the latter. 

The sign of the double refraction of a biaxial crystal may also be 
determined by use of the quartz wedge also described in Chapter XLII. 
(page 914). Quartz being positive (uniaxial), it subtracts from the effect 
of a negative crystal, making it appear as if thinner, while it adds to the 
apparent thickness of a positive crystal. The crystal-jilate is arranged 

at 45° to the crossed Nicols, and the 
quartz plate is inserted between the 
crystal-plate and the analyser, first 
along one and then along the other 
of the 45°-diagonal8, that is, parallel 
to the direction of the line joining 
the oi)tic axes and perpendicularly 
thereto. The latter case is shown for 
negative (biaxial) mica in Fig. 770. 
In this case the direction of the 
maximum y axis of the optical in- 
dicatrix of the mica crystal coincides 
with that of the minor axis co of the 
quartz, and thus tlie two effects are 
subtra(!tive, so that the result is as if 
' ‘ ' a thinner ])late were being examined, 

and the rings will consequently expand. As the quartz wedge is pushed 
further and further in so as to increase the thickness of (quartz in action, 
the rings will successively expand, and ])ass through the loop stage to the 
ellipse-like variety of lemniscate, one after the other. 

If the wedge be inserted parallel to the line joining the optic axes, 
the maximum axis y of the crystal in the case of mica, this axis 
and the major axis e of the wedge being in conjunction the effects are 
additive, and the appearance is that corresponding to a thickening of 
the section- plate, that is, a closing up of the rings. 

The converse phenomena are observed when the crystal is a positive 
biaxial one, the rings expanding when the quartz wedge is inserted 
parallel to the line joining the optic axes, and contracting when the 
insertion occurs at right angles thereto. 

The effect of the quartz wedge is most strikingly shown with sec- 
tion-plates too thick to show the optic axial rings. If the crystal be 
negative and not too extremely thick, the rings will make their appear- 
ance when the wedge is inserted perpendicularly to the line joining the 
optic axes, or if it be positive, when it is inserted parallel to the optic 
axial line. 

In concluding this chapter it may prove convenient to give a short 
table of a few easily procurable substances exhibiting graduated values 
of the optic axial angle. , 
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Table of some Useful Optic Amal Angles fou Na-light. 



2E. 

2V,, 

Observer. 

• 

Nitre (potassium nitrate) . 

RP 5P 

r 12 ' 

tSchrauf 

Cerussite (lead carbonate) . 

17 8 

8 14 

,, 

Sanidine felspar .... 
Aragonite (rliombie calcium car- 

R) 45 

12 50 

Des Cloizeaux 

bonate) 

:io 52 

18 11 

Kirchlioff 

Borax (sodium borate) 

Potassium magnesium selenate 

59 23 

39 3G 

Tschermak 

(with 6H.>()) .... 

Gl 7 

39 38 

Tutton 

Barytes (barium sulphate) . 

G3 12 

37 28 

lleiLsser 

Potassium copper sulphate (OH-^O) 
Potassium magnesium sulphate 

72 7 

4G 32 

'rutton 

(OH-iO) 

72 47 

47 .54 

„ 

Ciesiutn copper selonate (IiB^O) . 
Ammonium magnesium suli»liale 

77 33 

48 2G 


(OHjO) 

79 11 

51 11 

„ 

Ammonium sulphate . 

84 G 


,, 

Rubidium eopjier .selenate (GHgO) 
Ammonium .magnesium selenate 

85 49 

'53 11 


(OHjO) ..... 

88 4 

54 47 


Ammonium cojilier selenate (6H.^O) 

90 50 

55 7 

von Kokscharow 

Topaz ..... 

100 40 

6G 39 

Potas.sium cobalt .selenate (011.^0) 

104 25 

G2 l!> 

Tutton 

Potassium sulphate . 

111 0 

G7 20 


Potas.sium zinc suljihate (OHoO) . 
Ammonium rnangancM* .sulphate 

112 29 

G8 14 


m,o) 

IIG 23 

G9 49 


Potassium nickel .selenate (OH.^O) . 

130 3 

72 48 

„ 

Potassium me kcl .siil[thatc (GlfjO) 

1.30 57 

75 IG 


Ammonium ferrous suljihate (GH 2 O) 

1.34 17 

7G 25 

, 

Ammonium zinc sulphate (GH^O) 

144 41 

79 0 


Ammonium ferrous selenate (GH./)) 

148 35 

77 41 


Ammonium cobalt sulphate (GlljO)! 

158 .38 

82 9 


Ammonium nickel sulphate (GHjO) | 
Potassium copper selenate (t)Hj.O) j 

Invisible 

8 () .33 

88 27 
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CHAPTER XLTX 

CKOSSED-AXIAL-PLANE DISPERSION OF THE OPTIC AXES 

It luis been made clear in the last chapter that the positions of the two 
optic axes of a biaxial crystal are in general different for different wave- 
lengths of light and at different temperatures, and mention was made 
of extreme cases in which the axes are separated at a considerable angle 
along one plane of the optical ellipsoid for red light or ,a particular 
temperature, and along another principal plane, necessarily at right 
angles to the first, of the ellipsoid for blue light or a second specific 
temperature. These instances are not so rare as they were formerly 
thought to be, and the author has met with and studied in detail no less 
than seven such cases in the course of his investigations, and from the 
experimental evidence has evolved the general law governing the 
phenomenon.^ It was shown that the essential (‘onditions for crossed- 
axial -plane dispersion are : 

“ (1) The simultaneous occurrence of extremely small double refrac- 
tion (nearness of a and y indices of refraction) and close a})proximation 
of the intermediate index either to the a or to the y index. The latter 
condition is necessary for the possibility of crossing, and the former for 
wide separation of the optic, axes in the two planes for the two ends 
of the spectrum, or for two different temperatures. (2) Change of wave- 
length of the light employed at the ordinary temperature, or change of 
temperature while using light of the same wave-length, or both kinds of 
change simultaneously operating, niu.st so act as to bring about equality, 
at a particular temperature for each wave-length, of two of the three 
refractive indices, namely, of the intermediate index and of that one 
of the other two which is already nearest to equality with it.” 

It is the first condition which renders the crystal so sensitive to even 
minute physical change, such as is brought about as the result of the 
usual difference shown by the three indices in their spectral dispersion, 
and the slightly different effect of change of tem])erature along each of 
the axial directions of the optical ellipsoid, both of which causes are 
adequate to upset the balance. For when all three refractive indices are 

‘ “ Allgemoine Erklarung Phanomens der Dispersion in gekreutzten Axen- 
ebenon,” Zeitschr. fiir Krysl., 1907, 42, 564 ; “The Optical Constants of Gyiisum at 
Different Temperatures,” Pror. fioy. Soc., A, 1908, 81, 40. * 
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so close together at the start, a change only affecting the fourth decinial 
place in the refractive index may suffice to reverse the relative positions 
of two of the indices, and thus for some intermediate wave-length or 
temperature to effect the temporary equality of those two indices, with 
production of uniaxial conditions, and display of the rectangular cross 
and circ^ilar rings by a section-plate perpendicular to what under ordinary 
conditions is the first median line, one of the three axes of the optical 
ellipsoid of general form, but which under the tem])orary conditions 
referred to becomes the axis of a rotation ellipsoid. 

The crystals which exhibit crossed-axial-plane dispersion are more or 
less divisible into two main classes, which are respectively esjiecially 
sensitive to change of temperature and to change of wave-length. Of 
the first class gypsum (selenite), the monoclinic hydrated suljiliate of 
lime CaS04 . 2H^O, is the most striking example ; while clear cases of 
the second class are afforded by brookite, the rhombic form of dioxide 
of titanium, Ti02, the so-called “ triple ” tartrate of potassium, sodium, 
and ammonium, the crystalline })roduct obtained as an isomorphous mixture 
from mixed solutions of the rhombic double tartrates of jiotassium and 
sodium, and ammonium and sodium, known as the Seignettc salts, 
C4H40g(NH4)Na . IHgO, and the rhombic picrates 
of iron and manganese, [CgH.2(N02)30J2Fe . 5H2O and [CgH2(N02)30]2 Mii . 
SHgO. But the two types merge into one anotlier on the border line, 
and six new cases met with by the author belong to this intermediate 
ty])e sensitive to variations of both temperature and wave-length. 

They are rhombic rubidium sulphate, Kb2S04, rhombic ciesium selenate, 
(^828004, monoclinic ammonium selenate, (NH4)2Se()4, monoclinic (‘lesium 
magnesium sulphate and selenate, Cs2Mg{S()4)2 . 6H2O and (’s2Mg(8e()4)2 . 
GHgO, and the monoclinic form of an organic substance ethyl tri])henyl- 
pyrrholonc, the triclinic methyl analogue of which (both the ethyl and 
methyl conqiounds being dimorphous and exhibiting a triclimc variety) 
has already been referred to on pages 98 and 429. Ammonium magnesium 
chromate, (NH4)2Mg((lr04)2 , 6H2O, is a seventh of these intermediate 
cases which has been fully investigated by the author, but was discovered 
by Murmann in the year 1857. C{e.sium selenate is a particularly interest- 
ing case, for within the limits of the ordinary temperature and 250'^ C. 
each of the three axes of the optical ellipsoid in turn becomes the first 
median line. The substance saccharine, (’(jHjoOg, is also one of these 
border-line cases remarkably sensitive to both kinds of physical change. 

The following table expresses concisely the facts as regards the three 
definite substances chiefly sensitive to change of wave-length ; the value 
of the .apparent optic axial angle in air 2E is shown for Li, Na, and 
Tl-light, together with the direction of the jilane of the optic axes. 


(Table 
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Stjbstances with Optic Axial Angles varxing enormously 
WITH Change of Wave-length. 



Brookite. 

Picrate of Iron, 

Picrate of Manganese. 

Light. 


— 







Plane of 

2E. 

Plane of 

2E. 

Plane of 



Optic Axes. 

Optic Axes, 

Optic Axes. 

Li 

68° 0' 

(001) 

60° 16' 

(100) 

41° .5.r 

(100) 

Na 

.*18 10 

(001) 

24 48 

(KM)) 

15 .‘10 

(010) 

T1 

21 40 

(010) 

46 64 

(010) 

67 i:i 

(010) 


In the case of brookite and iron picrate the uniaxial figure is 
exhibited for a wave-length between yellow Na-light and green Tl-light, 
in the former case in the neighbourhood of wave-length 0*00055, 
whereas in the case of manganese picrate the critical wave-length is 
between lithium and sodium light. A mixed solution containing specific 
proportions of the two picrates has been found to yield crystals showing 
the uniaxial cross and circular rings for sodium light. 

Extremely interesting observations have been made by Brugnatelli ^ 
concerning saccharine, CgHjoOg, an optically active substance crystallising 
in the bisphenoidal (hemihedral) class of the rhombic system, like the 
triple tartrate of potassium, sodium, and ammonium, and the two 
double tartrates admixed in the latter. Saccharine is the lactone or 
anhydride of saccharic acid, OjHigOj, and is obtained by the action of 
lime on a solution of invert sugar ; it crystallises from a hot saturated 
solution in excellent large crystals of prismatic habit, which melt at 
160®, and yield a dextro-rotatory solution. The crystals cleave readily 
along {010}, and the first median line is perpendicular to -this cleavage 
face. The temperature at which the uniaxial figure is produced varies 
considerably in different crystals ; whde the average temperature 
observed by Brugnatelli was 15®, actual temperatures were 12°, 17°, 
and 26° for sodium light. The more j)erfect the crystal, however, 
the nearer to 15° was the temperature at which the uniaxial rings and 
cross were formed. A cleavage plate two millimetres thick from a 
magnificent clear crystal gave it at 15*8® for sodium light. For all 
wave-lengths between D and violet the optic axes lie ii) the plane {100}, 
whilst for light between D and the red end of the spectrum they lie in 
{001}. The temperatures at which the uniaxial figure was produced 
for the various wave-lengths with the plate just alluded to is shown in 
the following table : 

' Zeitschr.f dr Kryst., 1898, 29, 64. 


[Table 
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Light corresponding to 
Spectrum Line. 


B 

C 

1 ) 

Ca/i 

Tl 

E 

b 

F 

Sr5 

G 


Temperature for Production 
of Uniaxial Figure. 


(5-6° 

90 

15S 

2i:i 

2.3-8 

2(5-0 

27-4 

34-7 

39-5 

48-0 


Tho results are also expressed in the a(‘coni])anying curves in 
Fig. 771, of which the absciss® are wave-lengths and the ordinates 
values of 2E. Separate curves are given for the temperatures 21°, 
and 26°. The values of 2E in the plane {100} are considered as 



Fig. 771, --()j)tic-Axial-.\nglo ('urves of Saccharino for the Temperatures 10% 21°, and 2(5°. 

positive, and those in [001} as negative. It is clearly obvious from this 
diagram that the curves are very steep in the neighbourhood of the 
critical zero angle of the optic axes, when the uniaxial figure is produced ; 
that is to say, near the critical position of identity the optic axes move 
extraordinarily rapidly with change of wave-length. Also, the curves 
on the two sides of zero are unsymmetrical. 

Pockels ^ has shown that the conditions for such a substance, the 
optic axial angle of which is very sensitive to change of wave-length, may 
be expressed by a formula. He starts with the well-known formula 
^ Lehrbuch der Krystalloptikf x>. 71. 
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connecting 2E, the apparent angle in air, with the refractive indices a, 
p, y, namely : 


sin E 


V y.,-a2 






and replaces the refractive indices by their Cauchy dispersion ♦formula) 

of the type A + thus obtaining the following differential equation as 

the expression of the change of the apparent optic axial angle with the 
wave-length A : 

v2 11 


f/E (I sin E 

dX dT~ ^ 


‘ sin E A® 


From this formula it is ap[)arent that when E = 0 the differential 


quotient 


dE 

dA 


becomes infinite, and that in the neighbourhood of zero E 


must change very rapidly with A ; also that the two parts of the curve 
for the two different sides of zero must be unsymmetrical, as is evident 
from the diagrams, because for equal values of E the change becomes 
the greater the smaller the wave-length. 

A somewhat similar expression has been derived by S. Kreutz,^ 
where g and h are the constants of the Cauchy formula ; it runs as 
follows : 


g 

(/tanV_ g\g g'J 
dX tan VA® 


Both these formula) of Pockels and of Kreutz agree in indicating 
that when a small optic axial angle becomes smaller it does so more 
rapidly than a larger angle, the existing di8})ersion becoming greater ; 
indeed, it becomes a maximum for E or V = 0, Moreover, the order of 
the dispersion comes into play, that is, whether it be or v>p. The 
shorter the wave-length, the more rapid the change, so that the optic 
axial angle diminishes more rapidly for blue light than for red. Hence, 
when the dispersion is p>v and the angle is diminishing, both these 
influences (the approach to the zero angle and the energetic action 
of a short wave-length) co-operate to produce large change ; but 
if v>p, the effect is differential. The formuhe also, show that large 
dispersion of the axes is to be expected when the double refraction 
is weak. 

Thus the rules found by the author in the year 1894, purely from 
experiment, to apply in the case of rubidium sulphate, and which have since 
been amply confirmed by four other new examples among the sulphates 
and selenates of the alkalies and their double salts, as well as in the case 
of gypsum, have since been absolutely verified from the mathematical 
point of view by Pockels andi Kreutz. We may now, therefore, inquire 
more in detail into some of the cases of sensitiveness to both change of 
’ Ber. der kaU. Akad. Wim, 1908, 117, 9. * 
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wave-length and alteration of temperature, which have been investigated 
experimentally by the author, and which include the historic case of 
gypsum. 

The case of the monoclinic variety of ethyl triphenyl]»yrrh()lone (for 
a description of the alkyl tri phenyl pyrrholones and their interesting iso- 
morphistn see Chapter LIV.) is very similar to that of rhombic brookite, 
the uniaxial cross and circular rings being exhibited for a wave-length in 
the slightly greenish yellow ; and as the substance is jiractically colourless 
(a very faint yellow only develojiing on keeping in the daylight), whereas 
brookite is deep red, the phenomena are not interfered with by absor})- 
tion and are particularly brilliant. A crystal of the substance is represented 
in Fig. 772, and in Fig. 773 a reproduction is given of six drawings repre- 
senting the interference, figures, at n for 
red lithium light, at h for yellow sodium 
light, at c for slightly greenish-yellow 
light of the critical wave-length O-IKKMS 
mm. for which the uniaxial figure is jiro- 
duced, at I for thallium light, at e for a 
mixture of sodium and thallium light, 
and at / for white light. The last figure 
reminds oneforciblyof the figure afforded 
by brookite in white light. Emjiloying 
the spectroscopic monochromatic illu- 
minator described in Chapter XIJV., as 
shown in Fig. 715, an instrument which the author devised later than his 
memoir on the triphenylpyrrholones, the changes of tlie o])tic axial figure 
can be followed in a very complete and beautiful manner, ami the exact 
wave-length in the greenish yellow can be readily determined for which the 
uniaxial figure is ])ro(luced. The value given, 0‘(M)dr)75 mm. has been 
recently obtained (April 1020) with two of the original crystals, the two 
^e^ults being identical. A section-plate* at least a millimetre thick is 
required to afford a sharj) series of interference figures, on account of the 
very feeble double refraction, which is the cause of the extri'ine sensitive- 
ne.ss to change of wave-h*ngth of the illuminating light. 

Itubidium sulphate is the central member of the series of three 
isomorjdious rhombic sulphates of potassium, rubidium, and ciesium 
(K 2 SO 4 , Rb. 2 S 04 , C's^SC)^). This .senes affords one of the clearest instances 
of “ eutro])ic ” or family-group isomor])hi.sm, which are cases of the 
strictest type of isomor|)hism governed by the general law that the crystal- 
lographic ])roperties are functions of the atomic weights or atomic numbers 
of the interchangeable elements (here potassium, rubidium, and ciesium) 
of the .same family group which give rise to the .series (see jiage 383). Now 
the double refraction is already low in the first member of the series, 
])otassium sulphate, and this particular jiroperty obeys the law just 
referred to in the sense of diminution, so that the extreme refractive indices 
a and y converge towards equality as the groins of potassium are replaced 
by the heavier ones of rubidium and the still heavier atoms of cresium. 
This is shown g»phically by the curves in Fig. 774, which represent the 



772 — A Crystal of Moiioclinlc 
Ktliyl 'rriplienyll'yrrholono. 
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reciprocals of the three refractive indices, the axes of. the Fresnel ellipsoid, 
for the three salts^ the lengths of these ellipsoidal Axeo. being taken as 
absciss® and the atomic weights of the alkali metals as ordinates. The 
dotted curves express the total change in the axial lengths of the ellipsoid, 
while the continuous curves represent the relative values of the three 



axes for each salt, when the 5-value is taken as unity. So rapid is the 
convergence that the a and c curves (these letters representing the crystal- 
lographic axes, identical in direction in these rhombic salts with the axes 
of the optical ellipsoid) intersect before the rubidium salt is reached, and 
the 5 and c curves do so almost exactly at the rubidium salt, so that the 
double refraction, represented in the case of potassium sulphate by the 
distante between 5 and c, is reduced in rubidium sulphate to the smaller 
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Mooun# indicated by the distance between the a and h curves. As, how- 
ever, besides vely linall double refraction wc have also the condition of 
nearness of two of the refractive indices, those corresponding to the 
directions of the crystallographic axes h and c, the conditions arc ideal 
for the exhibition of large dispersion of the optic axes even at the ordinary 
teiupersfture, and for the possibility of crossing of the optic axial planes 
at a somewhat elevated temperature. On heating the section-plate per- 
pendicular to the first median line, rise of temperature is observed for- 
tunately to act in the right direction, in the way of further reduction 
of the optic axial angle, so that at 40° the uniaxial figure is produced for 



Fig. 774.— Curves of Axial Values of Iho Fresnel Ellipsoid for the Sulphates of rotassium, 
Rubidium, and Cteslum. 


red lithium light, and at succiseding higher temperatures for the other 
wave-lengths in their order, until it is finally formed at 65° for G-violet light. 

Caisiuin selenate, Cs 2 Se 04 , the third member of the analogous group 
belonging to the same rhombic, series of eutropically isomorjihous 
selcnates, behaves similarly, and the curves for this group exhibiting the 
fact are shown in Fig. 775. In this case, for the sake of variety, the 
relative values of the axes of the ojdical indicatrix are portrayed, which 
represent the refractive indices directly. The reduction of the double 
refraction according to the law in this grou)) only results in equality of 
two of the indices being reached about tl^e jiosition of the caesium s^l^ 
the c-value (y index) coming to equality with the a-valiie index) 
before arrival caesium selenate, the two curves crossing, 
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c- value being brought inside the a and b values as the now intermediate 
index /S, while the a-value corresponds henceforth to y. 

The double refraction, represented by the distancse between a and b, 
is now enormously less than it was in the potassium salt, represented 
by the distances between h and c for that salt, and so one of the 
conditions for large dispersion of the optic axes is brought about. * 

The first effect of heat on the section-plate i)er])endicular to the 
first median line, the axis b, brings the c-curve still further inside the 
a-curve, so that it passes the intermediate position between a and b, 
the optic axial angle increasing to 9(f, and the optic axial brushes 
subsequently passing out of the field of view; the c-curve then ap- 
proaches the h-curve, with diminution of the optic axial angle about 



Fig, 775.— CurvoB of Axial Values of the Optical Indloatrlx for the Selenates of Potassium, 
Rubidium, and Cteslum. 


a new acute bisectrix, the axis a, which had formerly been the second 
median line, the double refraction having also changed from negative to 
positive ; this occurs so rapidly, moreover, that if a second section- 
plate perpendicular to this new acute bisectrix a, be adjusted on the 
polariscopical goniometer and similarly heated, it is observed thgt 
at 92® to 98° for the different wave-lengths of light from red to blue the 
c-curve actually intersects the h-curve, the uniaxial cross and rings being 
produced as this occurs for these different wave-lengths in succession. 
Continuing the heating, the optic axes then again bifurcate, but along 
P’ new diameter at right angles to the old one, corresponding to the 
crossing of the optic axial planes, and they separate more and more 
until they disappear out of the field of the polariscope. If now a plate 
be ground perpendicular to g. third bisectrix, the axis c, and heated 
^ to 160°, the optic axial rings become visible on opposite sides of t{ie 
''‘extreme edge qf the field, and approach each other «about this new 
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bisectrix, until at 250®, when the heating has to cease for obvious 
reasons, the angle has become le^s than 90® and another change of sign 
of double refraction has occurred, from positive back again to negative, 
as it is at the ordinary temperature, and the angle is still becoming less 
moment by moment. Thus this unique substance has for its first 
median fine within the comparatively short range of 250° of tempera- 
ture every one of the three axes of the optical ellij)soid in turn. 

The double sulphate and double selenate of caesium and magnesium 
afford two cases in which the uniaxial figure is produced at tlie ordinary 
temperature, for a wave-length in the blue, 0*000450 and 0 *000466 
millimetre in the two respective cases. The interference figures of 
caesium magnesium selenate, for six wave - lengths at the ordinary 
temperature and at 78°, are illustrated in the photogra])hic re])roductions 
given in Fig. 776, Plate VT. It will be clear that the optic axes are well 
separated in the horizontal ])lane at the ordinary temperature for red 
lithium light, and that they approach each other more and more as the 
wave-length is diminished, through Na-light, 'ri-light, and F-light, until 
for the critical wave-length 0*000466 the uniaxial cross and circular rings 
are formed. Subsequently, as the violet is a])proached, the o])tic axes 
'Sep^atd«again, more and more, but along the vertical diameter, as illus- 
traterl by the figure for (Might. On heating the section -])late the uniaxial 
figure,; travels through the specTrum towards tin* red for successive 
higher temperatures, and the other six figures represent the conditions 
at 78°, for which the cro.ssing of the axial jilanes occurs for sodium light, 
the uniaxial figure being produced ; the optic axes arc then sejniratod 
in tlie horizontal plane for wave-lengths on the red side, and in the 
vertical plane for wave-lengths on the blue side. Bv the time the tem- 
jieraturc of 97° is reached, the optic axes for all wave - lengths are 
separated in the vertical plane, at a small angle for red, and at greater 
and greater angles towards the blue. 

The illustrations are actual ])hotographs of the figures observed. 
The section - plate reipiires to be half a centimetre thick in order to 
exhibit such sharj) figures, an emphatic, illustration of the lu'ccssary 
’ condition pf low double refraction for the ]>roduction of crosscd-axial- 

])lane clisffersion. . • , /> . 

Ammonium magnesium chromate exhibits the uniaxial figure at the 
ordinary temperature for wave-length O-lKW.t nun in the red of the 
eiicctrum. The axes are separated in a plane per^ndieular to the ayin- 
metry plane 16.',° for the extreme red, and in the symmetry plane itself 
78° for green cadmium light, as seen in air. On heating the crystal the 
uniaxial cross is formed for successively shorter wave-leng hs the 
temperature rises ; thus at 50° V. it is produced for wave-length 0-000636 

"'"ihe Cwrof^^sum. The MitecherUch Experiment and Appuatna 
for Sp£ion.-^ has been shown in Chapter XLII., page 928, t at at 
the ordinary temperature the optic axefi of m®""; ,r’ 

lie in the .svminetry lilane of the monochmc crystals, the inehned dis- 
persion being strangymarked. The first median line hes in the obtuse 
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angle of the axes a and c, and is inclined 37° 42' to the normal to 
ft = (100) and 46° 40' to the axis ft; also 62° 18' to the axis .c and 
43° 20' to the normal to c = (001), as clearly shown in Fig. 777. 

The true optic axial angle 2Va at 10°, and the ' apparent angle in air 
2E at 1 1 -5°, are given for seven wave-lengths in the following table : 

, * 

Values of Truk and Apparent Optic Axial Angles op Gypsum. 



2V., at 10° 0. 

at ]l-5“ C. 

For Li-light .... 

60° 27' 

99° 16' 

„ C „ .... 

60 31 

99 27 

„ Na „ 

61 1 

100 36 

For wave-length 0-00057.‘l 

61 4 

100 43 

For T1 -light .... 

60 51 

100 34 

„ F 

60 34 

99 58 

„ G „ 

59 48 

98 24 


OiK'- of tli(; most HMiiarkahlc things about gyiisum is that the optic 

axial angle does not go on 
steadily increasing or diminish- 
ing with the regular progression 
of wave-length, but that when 
a certain wave-length in the 
greenish yellow is reached, 
0-000573 millimetre, the pro- 
gress is arrested and the angle 
begins to alter in the opposite 
sense, in other words, the optic 
axial angle has a maximum for 
wave-length 0-000573. 

On heating the section-plate 
the optic axes move towards 
one another and the centre of 
the field, and at a temperature 
of about 91° C. coalesce in the centre to produce the uniaxial cross and 
circles. The table on page 1070 shows the exact corrected temperatures 
at which this occurs for the different parts of the spectrum. 

A considerable amount of difficulty has attended the exact determina- 
tion of these temperatures. A first attempt,^ using the apparatus shown 
in Fig. 761, page 1042, afforded results which were obviously too high, 
just over the temperature of boiling water ; whereas a crystal immersed 
in boiling water and then transferred rapidly to the polariscope shows 
the crossing already accomplished. The source of error was the consider- 
able correction rendered necessary by the conduction of heat away from 
the crystal section-ifiate by the metallic crystal-holder, and the fact that 

^ Tutton, “ The Optical Constants of Gypsum at Different Temperatures,” Proc. 
Boy. Soc., A, im, 81, iO. 
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the temperature of the crystal, therefore, never attained that of the air-bath 
in which the heating occurred. Determinations of the correction, by use 
of a miniature thermometer with bulb occu})ying the place of the crystal, 
after reducing conduction to a minimum by msing a crystal-holder of 
boxwood and platinum, as described on page 1044, proved inadequate 
for temperatures above 70°. 

But complete success, due to the device by Dr. A. Hutchinson of an 
ingenious little apparatus for immersing the crystal in a liquid during 
the experiments, eventually attended further efforts to avoid this source 
of error.^ 

A small shallow circular brass cell, provided with a glass toj) and 
bottom, was constructed and fitted with two brass tubes, one on each 
side, to act as inlet and outlet for a stream of water- saturated with calcium 
sulphate, in qrdcr to minimise any solvent action on the crystal, and heated 



to any required temperature below 100°— which was conducted through 
the cell durim' the observations. The teinj)erature of this stream of 
aqueous solution of calcium sulphate was taken immediately before 
entering and directly after leaving the cell by two thermoineU-rs graduated 
to C The therinoineters were enclosed in the glass tubes by which 
the'''hot solution was conducted to and from the cell, and wore therefore 
wholly immersed in the hot liquid. They were compared with the 
standards at the National Physical Laboratory, and the corrections found 


necessary duly applied. 

The construction of the cell is indicated in Fig. 778, the upper Portion 
being a plan, and the lower a vertical section through the line AA, both 
full size. The top and bottom of the cell are formed by the glass plates 
G which are held in position by the screw flanges F. Rings of thin card- 
board below the glass keep the cell water-tight, and thin lirass washers 
1 Hutchinson and Tutton, “ On tho Tomporaturc of Unia.xiality in C.ypsum,” 
Mineralog. Mag., 10, 257. 
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C protect the glasu plates from the direct action of the screws. The hot 
liquid enters and leaves the cell by the tubes TT, to which horizontal 
glass tubes about 1 cm. in internal diameter are connected. These 
contain the thermometers, which are arranged with their bulbs as near 
the cell as possible. The section-plate of gypsum perpendicular to the 
first median line, seen at S, is held in position liy a small spi’ing (not 
shown) formed by a coil of thin brass wire. 

The cell was adjusted on the stage of the Dick polarising microsco])e 
(see Fig. 821, Chapter LIT.), and was insulated from the stage of the micro- 
scope and protected from radiation by suitable coatings of cardboard and 
cotton- wool. The tubes containing the thermometers wore also ])rotected 
for the greater part of their length. On allowing the hot calcium sulphate 
solution, kept stirred in a large copjier tank, to run through the cell it 
was found that the tem[)erature of uniaxiality, as measured by the ther- 
mometers immersed in the stream, could easily be kept steady for a time 
sufficiently })rolonged for the changes i)roduce(l by alteration of the 
wave-length of the illuminating light to be accurately studied. Occasion- 
ally the temperatures indicated by the two thermometers were the same, 
but usually that first reached by the stream read a little higher than the 
other. The difference did not, however, generally exceed and the 
mean value of the two readings was taken as giving the actual temperature 
of the section-plate in the cell. 

The results obtained on different days and with two different section- 
plates proved to lie very concordant, and are embodied in th(‘ following 
table : 

X. 


() ()00434 mm. 

For (Might cross and rings produced at 

88- r 

486 ■ 

H F „ 

90- 1 

mri 

„ Tl „ 

90-8 


Last wave-length (0-000573) for which 


57.3 

unia.xial figure is produced 

91-0 

589 

For Na-light cross and rings produced at 

90 9 

65ti 

M 0 „ 

90-4 

671 

M Li „ 

90-2 


After the production of the cross for the particular wave-length of 
the illuminating light the axes separate along that diameter of the field 
which is perpendicular to the original direction of separation, the plane 
of the axes now changing to one at right angles to the symmetry plane. 
Between the ordinary temperature and OB’ also, as shown in Cha])ter 
XLII. (p. 927), the first median line itself moves in the symmetry plane, 
towards the axis c. These phenomena of gypsum were demonstrated by 
Mitscherlich to the Berlin Academy in the year 1826, and their exhibition 
has since been referred to as the “ Mitscherlich experiment.” The usual 
mode of performing this experiment with the lantern polariscope has 
hitherto been to place a somewhat large section-plate of gypsum, cut per- 
pendicularly to the acute bisectrix of the optic axial angle, in a metal 
frame having a projecting patt which can be heated by a spirit lamp or 
small Bunsen flame. But the author has demonstrated to the Royal 
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Society/ ivnJ also to tlic British Association at the 1909 meeting at Winni- 
peg/ a much more elegant mode of i^erforming this beautiful expri- 
ment, without any extraneous heating whatsoever. The improved form of 
lantern polariscope was employed which, as regards its arrangement for 
parallel light projection, has already been described in rha])ter XL. 
and illusirated in Fig. G33, page 853. Its arrangement for projections in 
convergent light, including the Mitscherlich experiment, is shown m Fig. 
779. The convergent lens-system is such as concentrates the light rays 
so ])erfectly in the centre of the crystal, on a spot not exceeding a couple 
of millimetres in diameter, that the heat rays simultaneously thus also 
con(;entrated are quite adeijuate to effect the crossing of the optic axial 
plane. This is true, moreover, even although the greater jiroportion of 
the heat rays are removed by the water cell, which is always essential in 
order to jirotect the balsam of the very valuable large Nicol jirisms from 
softening. There is no necessity for the crystal to be much larger than 
this focal spot, so the author employs a plate, any one of several jirejiared 
by Messrs. Steeg k Reuter of Homburg, which is only 6 millimetres 
S(|uare, but 2 millimetres thick in order to ensure a sharp interference 
figure (the double refraction being so low), mounted in a miniature 
blackened thin sheet-brass or better platinum-foil carrier-frame with 
circular aperture 3 millimetres in diameter on each side, through which 
the light enters from the convergent system of lenses and leaves to enter 
the similar collecting system. The little frame itself, only 7 by 6 by 3 
millimetres, has a li])-like continuation on one side, which serves for grip- 
])ing by the crystal-holder; it is held directly by a hard-wood holder, 
to jirevent loss of heat by conduction, and which in turn is gripped by the 
ordinary metallic pincette of the crystal -adjusting ajiparatus 

The (lis])()Sition of the a])paratus for the performance of the Mitscherlich experiment 
is that shown in Fig. 779. The electric lantern ih provided with a 4^ -inch double 
condenser, and an adjusting table for the electric arc furnished with three rectangular 
adjusting movements, which are particularly useful, indeed, inqierativo in this oxperi- 
mimt ; the electric lamp i.s a Brockie-l’ell self-feeding one, but an improved Oliver 
lamp does equally well. The water-cell of 2 inches thickness may be siqiported in 
front of the lantern-slide frame, as in Fig. 6.33, or, as now shown in Fig. 779, soparaUdy 
on an adjustable holder with semicircular 8tirru}», as the first of the fittings on the 
hard mahogany guiding bed on which the various accessories are mounted. After 
trying both this and the lathe-bed method of mounting the parts of the apparatus the 
author now prefers the hard mahogany bed fitUal with rigid and very true rabbets, 
which latter can be cut away for about 4 inches to the nght of the ('entre near the 
analyser in order to afford a place for the removal or interchange of the various 
supporting stands carrying lenses or other fittings without having to remove the large 
Nicols. All the bases of the supports (seen better in the case of the parallel-light 
fittings also shown, in the recess underneath, in Fig. 779), whether as narrow as 
inch or broader, arc partially cut away underneath and packed with smooth felt to 
facilitate sliding, and are also fitted with a couple of fixing screws, passing through the 
little fixed transverse dovetailed brass guiding bed for the bevelled slider which directly 
carries the column, and which enables the transverse adjustment to lie carried out. 


I Proc. Roy, Sor., A, 1908, 41. 

* Brit. AssoctiR€port.<i, Winnijieg Meeting, 1909, First Evening Discourse. 
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After the water-cell comott the largo polarising Nicol, already fully Jescnbcd in 
Chapter XL., with its convexo-concave parallelising lens at the end nearest the 



water-cell, the light being so conv<irgcd upon this lens by adjustment of the distance 
of the electric arc from the condenser of the lantern that the rays leaving the lens 
are rendered strictly parallel, and pass as such through the po’arisefe^ '^Beildes the 


Fig. 779. — Projection Polariscope arranged for the Mitbclierlich Experiment and other Projections in Convergent Polarised Light. 
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main plinth guiding bed, and fixed along the middle part of its front rabbet, there 
is a subsidiary metallic dovetailed bed, in which moves a bevelled slider carrying a 
columnar tube with inner rod adjustable for length, and terminating in a ball-and- 
socket universal joint, which carries at its summit a very convenient clip-holder for the 
cork or other mounts of section-plates of crystals or other objects which it is desired 
to introduce into the path of the rays. In the Mitscherlich oxix'riment illustrated in 
Fig. 779 it IS not used, being rotated away in front from the path of the light rays. 

The convergent light arrangements after the polariser are as follows. First 
comes an independently mounted 5- or 6-inch plano-convex lens (the two alternatives 
being both provided) to commence the convergence of the light rays. Then follows 
the optic-axial-anglo goniometer, with its two exactly similar but inverted systems 
each of four plano-convTx lenses of very short focus, of which only three are 
usually employed, the outer smallest one in each case being only attached when 
extnmiely strong convergence is required. The largest of the battery of lenses, all the 
individuals of which arc separately mounted and readily detachable by unscrewing the 
mounts, in each case is screwed into a short tube, which slides in an outer one supported 
by a column rising from an elongated metallic plate. This base-jilate bearing the two 
columns is pierced at the centre by, and rigidly attached to and carried by, a stout 
tubular axis, adjustable for height as an inner tube within a strong outer column rising 
from a transverse slider in a dovetailed metallic bed, .ser(‘wed on to a maliogany slider 
in the main guiding bed similar to the others luit much broader, having more to 
carry. The two convergent systems are thus siqiported by the two columns rising 
from the plate in such a manner that each can be indejiendently approached to or 
drawn away from tlie centra! space between them, where the crystal-plate is held at 
the head of an adjusting and centring arrangement of the kind provided with the von 
riroth universal apparatus (Fig. 762, page 1045). The central boss of this adjustable 
crystal-holder is not mounted directly at the head of the tubular sliding column, but 
to a second inner sliding and rotating short tube, which carries a radial pointer forming 
an indicator of the rotation of the crystal-axis about a silver divided circle fixed above 
the ('longatcd cross-plate and coneontiically around the tubular support. The central 
axis of the crystal-adjusting apparatus jiasscs freely down through both these support* 
ing tubes and the still narrower tube of the adjusting apparatus, and is adjustable with 
fixation for height so as to bring the crystal absolutely to the common focus of the 
convergent systems. Transverse and longitudinal adjustments and a univerMl 
circular motion are also afforded by the centring and adjusting apparatus, so that the 
crystal is adjustable in all directions, and the whole arrangement is an absolutely 
symmetrical one. 

After this very convenient form of projection optic-a.xial-angle goniometer comes a 
doubly convex field lens of inches focus on its adjustable jjedestal, and this is closely 
followed by an achromatic lens combination of 6J inches focus likewise independently 
mounted, which acts as a most efficient projecting lens for the focussing of the inter- 
ference figures m convergent polarised light on the 8(*reen. Finally comes the large 
analysing Nicol. As now described this arrangement is of general application for the 
projection of the rings and bnuslies of crystals, and for any other purposes for which 
convergent polarised light is required. 

To perform the Mitscherlich experiment, tfie little crystal in its 
miniature platinum-foil frame is supported in the wooden holder, which 
grips the lip of the frame, and the wooden holder is held in turn by the 
ordinary pincette of the adjusting apjiaratus, and the crystal adjusted to 
the centre of the space between the convergent systems in such a manner 
that the clear aperture of the crystal is at the approximate common focus 
of the latter. ^Th% planes of the Nicols are arranged at 45° left and right 
VOL* i| y 
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respectively of tii.ei vertical zero line, being thus crossed for the production 
of the dark field. The electric arc is then switched on, preferably by a 
switch on the lantern itself, and if the lenses and the crystal are correctly 
adjusted the focal spot of light will be seen to be impinged right on the 
centre of the 3 millimetres of clear aperture of the crystal, which is thus 
brilliantly illuminated. On regarding the screen, if the crystaf-jfiate has 
been arranged correctly as regards its orientation, which will have been 
attended to in mounting in the platinum frame, the two systems of optic 
axial rings will be observed almost at once to appear at the right and 
left margins of the field, and to be visibly moving towards the centre. 
A little centring of the light will now generally be necessary by means of 
the largo milled heads of the three rectangular movenumts of the adjust- 
ing table of the electric lamp, in order to ensure even, well-centred, and 
brilliant illumination of the field. The axial brushes themselves soon 
become visible, as reproduced in Fig. 780 of Plate VII., and march rapidly 
with the rings towards the centre of the field, as indicated by the next 
photograph, Fig. 781, where brilliant colours begin to break out, con- 
stantly changing and giving place to others, as first looped spectrum- 
lemniscates and subsequently ellipse-liki; ones appear round the brushes. 
The last complete ring round each of the two brushes finally opens out, 
the two rings becoming first a loop ( oo-sliaped) lemniscate, then an apparent 
ellipse enveloping both brush-vertices, and lastly a true circle, sur- 
rounded by five or six others, all in spectrum colours, and the brushes 
themselves coalesce to form a black uniaxial St Andrew’s cross, as shown 
in Fig. 782. 

In order to effect the changes steadily and without hesitation the 
light must be kept well centred, so that the focal spot is concontrat^'d 
always on the crystal. The cross and circular rings soon break up 
again into hyperbola) and leinniscates, at first of the ellipse-like character, 
but afterwards forming loops and then complete rings round the two 
separated axes, as shown in the fourth photograph, Fig. 783 ; the vertices 
of the hyperbolic are now, however, separated along the vertical diameter 
of the field, and when they arc well asunder the experiment should be 
stopped, as gypsum loses its water of crystallisation slightly above 120°. 
It is only necessary to blow a gentle stream of air across the crystal, 
however, or to introduce a glass jilate a little obliquely somewhere in the 
optical train between the lantern and the crystal, to cause the figure to 
recede again to the crossing point and beyond it, owing to the reduction 
of the temperature of the crystal by the cool air or the deflection of the 
t focussed rays. Or an opaque screen may be intermittently introduced 
into their path before reaching the crystal, to eflect the same purpose. 

That the temperature for production of the uniaxial figure with gypsum 
is lower than that of boiling water may be readily demonstrated with the 
aid of a special little cell, rectangular outside and semicircular within. 
It is like that marked a on the little adjustable table y at the base of the 
larger optic-axial-angle goniometer, Fig. 769 on page 104.0, but the middle 
part semicircularly cut out to form the ends and bottom of the cell is 
not quite so thick and is of hard boxwood instead of thick glass, in order 
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tQ withstand the Jk)i,Wn^ ; sides, as in case of the cell a, are of thin 
optically wotl^ed glfe^^otbette? stiU^of fused quartz, cemented to the wood, 
with a l^ard h^Wni^ Or otl^<jjf cement, eapable of withstanding 100° C. 
and insoluble in water;. A imajl gripper for the lip of the little frames 
mount of- the cryst^ is fixed upright at the centre of the semicircular 
bjottoni oithe cell, with the crystal adjusted once for all at the centre of 
the cell tp afford a symmetrical interference picture on the scrccm. 

The experiment may then be performed by pouring boiling watP; 
directly into the cell, when the interference figure will appear at once on 
the screen, and the crossing of the axes occurs very rapidly, the figure 
remaining ponstant for a minute or two when tlie axes have again separated 
— thift^titnp vertically. A better result still is obtained if the hot watet 
be ^uphoned out and immediately replaced by a fresh supply from water 
oh the boil. The most beautiful and regular effects occur, however, 
diqjihg the slow cooling of the water, the vertically separated brushes , 
coming together and coalescing to form the rectangular cross as the 
temperature becomes reduced to 91°, and spreading out again horizontally 
more and more, as the cooling proceeds below this critical temperature, 
the colour changes with the lemniscates affording one of tin* most beautiful 
displays ever observed. 

After satisfactorily verifying the truth of the production of the uniaxial 
figure below 100° C. by the use of pure water, subsequent exja'rirnents 
may be made with the water saturated with calcium sulphate (which 
only dissolves to a very slight extent), as there is then less danger of 
action on the polislied surfaces of the gypsum crystalqilate. 

The Case of Glauberite. — The double sulphate of sodium and calcium 
N'a 2 Ca(S 04 ) 2 , which occurs in natural crystals as the mineral glauberite, 
and which', like gypsum, crystallises in the monoclinic .system, class 6 
(holohcdral jirismatic), has also long been known to possess an optic 
axial an^e whrch is very sensitive to change of teiiqx'rature, combined 
with considerable dispersion of the optic axes. Bn'wster, so long ago as 
1829, observed the fact, and it was studied in some detail by Laspeyres ^ 
in 1877. He showed that the morphological constants are : 

a:/KC = l-2209:l : 1-0270; j3-ir2° 10'. 

Ho also found the double refraction of negative sign, the first median 
line (acute bisectrix) lying in the .symmetry plane JOIO), at 30° 46' from" 
the vertical axis c for sodium light ; and that the jilane of the optic axes 
is at right angles to the symmetry plane for all tempi'ratures below th*t 
at which the optic axes cro.ss and form the uniaxial figure, so that the 
dispersion of the optic axes at these temperatures is of the horizontal 
character, while for temperatures above that of apjiarent uniaxiality the 
plane of the optic axes is parallel to the symmetry plane, affording 
inclined dispersion. At the ordinary temperature of 18°, Laspeyres found.^ 
the angle in air 2E to be 14° for red lithium light, 11° for yellow sodium 
light, and 8° for green thallium light, while for blue light the angle is z^o, 
and the uniaxial figure is produced, even at this ordinary temperature 
' ^ i^rysL, 1877 , 1, 629 . 
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of 18®. On raising the temperature the axes close in towards one another 
for light of any colour other than the blue and violet, until they coincide 
with production of the uniaxial cross and rings at some particular 
temperature, a^r which continued heating causes them to rediverge, 
but along the symmetry plane at right angles to their former direction 
of separation. • 

As regards the actual temperatures given by Laspeyres, they were 
determined with the air-bath of the Groth universal apparatus (Fig. 762 
on page 1045), and for the reasons already stated are subject to considerable 
error unless a large and more or less uncertain correction is applied. The 
correct temperatures for production of the uniaxial figure for sodium and 
lithium light have, however, been more recently determined by E. H. 
Kraus, ^ by use of an oil bath in connection with the Fuess opti^-axial- 
angle apparatus, the air bath of which was converted for the purpose 
into ah oil hath by filling it with jiaraffin oil, of refractive index for sodium 
light 1 *4702. The following were the results : 



2Hi, (for paraffin oil). j 

romper.it.iire. 




I.i-liKlit. 

Na-Iitflit. 

[ 

18M'. 

10° 12' 

1 

8° 28' 

30 

8 35 

0 30 1 

42-9 

6 55 

Uniaxial 

51-8 i 

Uniaxial 

5° 37' 

(>() 

5° 42' 

1 7 5 ! 

70 

7 33 ! 

8 19 

80 

8 48 1 

9 43 

90 

9 52 1 

10 48 

100 

11 8 

12 3 


The temperature for uniaxiality, which is the ordinary (18®) for blue 
light, is thus shown to becoim; higher with increase in wave-length of the 
light, being 42” -9 for yellow sodium light and 51” *8 for red lithium light. 
Both optic axes move eiiually with the temperature below the crossing 
point (the dispersion being horizontal), and unequally for temperatures 
|)eyond those for uniaxiality (the dispersion then becoming inclined). 

Experimental Confirmation of Conditions for Crossed - axial - plane 
Dispersion. — In order to confirm the truth of the' conditions for 
crossed-axial-plane dispersion laid down at the beginning of this chapter, 
the author has determined the. refractive indices of all the substances 
referred to which exhibit the property, at not only the ordinary but the 
higher temperatures, and the phenomena observed have in all cases 
been both higlily interesting and exactly in accordance with the conditions 
stated. In every instance when the 60”-prisin affording the two indices 
of refraction which are supposed to become identical— at the temperature 
for which the section-jilate jierpendicular to the first median line shows 

‘ ZeiUichr. fur KrysU 1913, 5i, 321. «• 
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the uiiiaxial figure — was heated to that temperature, tlie two large and 
brilliantly illuruinated coloured images of the Websky signal-slit in the 
monochromatic light employed were seen steadily to ap})roach one 
another, until at the exact temperature corresponding to the production 
of the cross and circular rings for that same wave-length of light which 
was illuntinating the slit, the two images appeared identical ; after this, 
when the temperature was still increased, or the wave-length was varied 
in the right direction by rotation of the prism circle of the monochromatic 
illuminator, they separated again on the other side of each other. When 
apparently identical, they were seen to be still two images, but overlapping ; 
for no apparent extinction occurred when the Nicol prism carried in front 
of the eyepiece was rotated, one image waxing eipially as the other waned 
(modified slightly by the fact that the 90'" image, corresponding to light 
vibrating parallel to the refracting edge of the prism, is always slightly the 
weaker, owing to such light as is polarised and lost by reflection vibrat- 
ing parallel also to the edge). The moment they were just separated again 



one was extinguished by the Nicol placed at its O'-jiosition, while the 
other was extinguished when the Nicol was arranged at its OO^-position. 

In the case of gypsum, in order to avoid any error due to slight 
differences between different crystals, two .section-plates (B and E in 
Fig. 784) perpendicular to the first and .second median lines respectively, 
with which measurements of optic -axial angle were made, and a com- 
plementary pair of bO'^-prisms (C land F in the figure) affording all three 
refractive indices between them, were cut and polished for the author 
by Hilger, with truly worked plane surfaces, from a single large and 
highly perfect crystal, one complete set of optical constants being 
thus derived from one and the same crystal. The plan on which the 
crystal was cut will be clear from Fig. 781, the crystal lying on a 
clino-pinakoid face 6 = |010}, parallel to the symmetry plane. The prism 
C afforded the indices j8 and y, while F gave a and It was with this 
latter prism that the observation of the approaidi to equality of two of 
the indices, in the case of gypsum a and j3, with rise of temperature, was 
made, and their subsequent attainment of identity and then their passage 
past each other, followed, all of which occurred precisely in accordance 
with expectation derived from the optic-axial-angle phenomena afforded 
by the plate B plrpendicular to the first median line. 



1078 


CRYSTALLOGRAPHY 


PART ITT 


For it WHS found that on .slowly and very carefully heating this large 
and valuable prism giving a and jS the two image.s of the collimator-.slit 
gradually approached one another. Using sodium-light their .separate 
existence could still be detected at 89° C., but at 91° they coalesced com- 
pletely. When, however, the temperature had riseTi to 93° two inde- 
pendent images could once more be recognised • 

Thus the conditions Hpecified in the opening of this chuptr'r as necessary 
for the production of ero.s,sed-axial-plane disfiersion of the optic axes have 
been absolutely verified experimentally 

A complete .set of refractive index determinations was carried out 
with this very fine pair of gypsum prisms, and for eacli of three tempera- 
tures, namely, the ordinary ( 1 2° at tlm time), 98°, and 1 05°. The results are 
given below : 

Hkkiiacttve Indices of OiYrsiiM. 


I 


Wnve- 

leiiRtli. 

ir. 

Index a. 

US" 

105". 

12" 

lulex S. 

US’ i 10.',". 

Index y. 

]‘r US". 

105" C. 

Li 

1-5178 

1-5102 

1-51.54 

1.5201 

1-5166 

1-5158 

1-.5270 1-.5247 

1-5243 

C 

1-5184 

1-5168 

1-5160 

1-.5207 

1-5172 

1-5164 

1-.5276 , 1.5253 

1-5249 

Na 

1 1-6207 

1-5193 

1-5184 

1 -.52.30 

1-6196 ' 1-5188 

1-5299 i 1-.5277 

1-.5274 

573 

j 1-5213 

1-5199 

1-5190 

1-5237 

1.5201 

1-6194 

1-5307 

1 5284 

1-.5280 

Tl 

1 1-5231 

1-.52I9 

1-.5209 

1 -.52.55 

1-.5222 1 1-5213 

1-.5325 i 1-.5304 

1-5300 

F 

l-62()2 

1-5248 

1-5239 

1-.5285 

1-.5252 ; 1-5243 

1-5355 ! 1 5332 

1-53.30 

G 

1-5303 

1-5294 

1-.5285 

1-.5328 

1.5299 1-6289 

1 5400 

1 .5379 

1-5377 


The a and ^ indices interchange vibration-directions nt about 91° U. ; 
the vibration-direction for y leinains for all temperatures that of the 
first median line lying in the .symmetry-plane. A comparison of the 
values of a and ^ determined at 98° C. shows that the minimum difference, 
0*0002, is attained for light of wave-length 0*(XX)573 mm., while equal 
differences, 0*0003, are ob.«erveil in the case of sodium- and thallium- 
light, and still greater, but also equal differences, 0*0004, are found for 
lithium- and for F-light. 



CHAPTER L 

ROTATION OF THE PLANE OF POLARISATION RY CRYSTALS 

The ph(‘.iK)uienon of optical activity, or rotatiou of the plane of polarisa- 
tion of light, is not confined to the well-known liquids which display it, 
sm-h as solutions of sugar and of many organic substances, but is likewise 
exhibited by many crystals belonging to the eleven enantiomorphous 
classes possessing lower degrees of symmetry (no plane of symmetry) than 
the full symmetry of their system, as explained in Chapter IX. (pages 131 
and 132). Indeed the phenomenon itself was first observed in rock crystal, 
({uartz, dioxide of silicon, SiOg, so long ago as the year 1811, by Arago. 
Owing to the nature of the inner .structure, which is often of a screw or 
spiral character as in the case of quartz, the two rays propagating them- 
selves through the crystal, instead of vibrating in definite planes, are 
circularly jiolarised as in tin; quarter-wave mica plate. On r(‘aching the 
second surface of the crystal-plate, one is retarded behind the other by 
reason of the difference in velocity, and possibly also because of difference 
in length of path, one moving more obliquely than the other. Two such 
circularly polarised rays, on attaining the second surtace, will thus in 
general be in different phases. On emerging into the air each ot these two 
cirinil ir motions, right-handed and left-handed, may be represented by a 
])air of forces, one radial and the other tangential. The two tangential 
forces are in opposite directions and destroy each other, but the radial 
forces aie each directed towards the centre of the original circular move- 
ments, and so compound on leaving the crystal into a rectilinear 
vibration which is rotated from the original direction by an amount 
(half the difference of phase on emergence) ilepending on the retardation 
of one of the original circular motions behind the other. The amount 
of rotation is a minimum for rays corresponding to the red end of the 
spectrum, and a maximum for the violet end. Biot, who investigated 
the relationship between the colour of the light and the angle of 
rotation, found that the latter is approximately inversely proportional 
to the square of the wave-length. 

Hence, not only is the direction of vibration of the light rotated by 
such crystals, but the rays are also djspersed by them ; for the 
differently coloured rays, after emergence, will be vibrating in planes 
differently inclined to the original plane of polarisation of the polarising 
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Nicol prism, and the analysing Nicol will require to be rotated to 
different extents for the different colours, in order to restore the dark 
field. Or, if colour be produced, the complementary colour to that 
extinguished will be displayed at each position of the analyser. For a 
given thickness of quartz, for instance, cut perpendicularly to the axis, 
along which the property is exhibited at its maximum, the order of the 
colours is inverted when the direction of rotation of the analyser is 
reversed. 

The following general formula has been shown by Boltzmann to 
express more ac.curately than Biot’s a[)proximation the relationship 
between p, the angle of rotation for a plate one millimetre thick, and 
A, the wave-length in air of the liglit employed : 

A B 

• • • ■ 

The amount of rotation also depends directly on the thickness of 
the crystal-plate, a jilate twice as thick as another affording double the 
angle of rotation for light of the same wave-length, and the interfer- 
ence colours afforded under crossed Nicols in white light become less 
brilliant as the thickness increases beyoml that corresponding to colours 
of the first two or three orders of Newton, passing into white of the higher 
orders. It takes a much greater thickness to bring about this result, 
however, than in the case of interf(*rence caused by double refraction. 
The amount of rotation also obviously depends on the orientation of the 
ray within the crystal, becoming less as the orientation departs from that 
for the maximum effect, whiidi in the case of quartz and other uniaxial 
substances is the direction of the ojitic axis. 

The interesting fact was pointed out in Chajiter XX 11., and illus- 
trated in Figs. 311 and 312 (page 355), that right- and left-handed crystals 
of quartz are distinguished by the ajipearance on the right and left 
respectively of the subsidiary faces of the forms .s and x, dextro crystals 
showing s=(412{- and a; =[4121, and Isevo crystals showing the comple- 
mentary s={421} and a; ={421}, the symmetry of quartz being that of 
the enantiomorphous trapezohedral class (class 18) of the trigonal system. 

Fresnel’s Prism. — That the above explanation of optical rotation 
is correct is confirmed by the re.sult of an interesting experiment carried 



Fig. 785. — Fresnel’s Compound Quartz Prism, and Isolation by its Moans of two oppositely 
Circularly J’olarl.sed Hays. 

out by Fresnel, who constructed a compound prism of the two varieties of 
quartz, of the kind shown in *Fig. 785, by which he was actually enabled 
to separate the two oppositely rotating rays. It wasi composed of an 
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obtuse-angled prism of right-handed quartz A to which were cemented, 
one on each side, the two halves B and C of another jirisin of left-handed 
quartz, the wdiole forming a rectangular block. All were cut and 
arranged so that the rays of light traversed them along the direction 
of the optic axis, indicated by the dotted line. The normally incident 
ray I bi^-omes divided into tw'o oppositely circularly vibrating ones in 
the semi-prism B, whi(‘h on reaching the first surface of the ])rism A 
are refracted in opposite ways, as the more slowly circularly vibrating 
ray in B becomes the fasU'r om* in A, the divergence being further 
accentuated on reaching the second surface of A, where a further reversal 
occurs. Tlie tw^o rays which emerge, B and b, are thus vibrating in 
circular orbits in opposite directions, and afford, on looking through the 
prism, two images of an illuminated spot or slit of light or other object 
employed as source of light, which show no variation in brightness on 
rotation of an analysing Nicol held between the prism and the eye, the 
test for circular polarisation. Moreover, w^hen a ((uarter-waive mica ]>late 
is introduced one of the images disappears, namely, that one which was 
formed by light vibrating in a circular orbit opposite to that jiermitted 
by the mica, thus proving by their diverse behaviour to this test the 
opposite nature of the circular polarisation of the tw'o rays. 

Von Jauig has also since shown that a single C0"-])rism of quartz, 
cut so that the bisecting plane is |)erpendicular to the ojdic axis, affords 
in the same way, at minimum deviation, two oppositely circularly 
vibrating rays, about half a minute apart. The specific rotation p, 
according to Pockels, is related to the velocities of the two circularly 
polarised rays Or and Oj in the followung manner : 


_7r/l 

^ A Vo, 0i 


Interference Colours displayed by Plates of Optically Active Crystals, 
especially Quartz.- Calcite and quartz, as we have seen in Chapter 
XXXIX., are both uniaxial crystals, and a plate of calcite cut perpen- 
dicularly to the optic axis shows neither double refraction nor polarisation 
effect in jiarallel polarised light, remaining quite dark under crossed 
Nicols. On tlie other hand, a plate of (juartz normal to the optic axis, 
even one seven or eight millimetres thick, shows bright colour in the 
dark field, truly even all over when the jdute is furnished with a pair 
of surfaces which are truly plane and jiarallel. Moreover, the colour 
changes and jiasses through a great variety of tints (each being chiefly 
complementary to a colour of definite wave-length which is extinguished) 
as the Nicol analyser is rotated, and never becomes either colourless 
or dark. When the light is homogeneous, monochromatic, extinction 
is produced for a specific position of the analyser, corresponding to the 
amount of rotation of the plane of polarisation by a plate of that thickness 
for the wave-length employed. The angle of rotation from the crossed 
position becomes ^eatcr as the violet end t)f the spectrum is approached, 
and the direction is right or left of the zero position of the crossed Nicols 
(at which more ilr less light is transmitted) according as the plate belongs 
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to u riglit- or u left-liauded crystal.^ Plate® oi quartz cut obliquely to 
the optic axis also exhibit rotation* but the phenomena are complicated 
by the introduction of double refraction, and cannot be studied alone. 
Eventually, when the obliquity becomes considerable, the circular polarisa- 
tion, already become elliptical on leaving the direction of the optic axis, 
passes into two ordinary plane vibrations, and thus a plate parallel to the 
optic axis shows no rotation, but only ordinary double refraction. 

The colour exhibited in white light by such a plate of an optically 
active substance has already been shown to be more or less comple- 
mentary to that extinguished. The colour varies, as will be clear from 
the preceding statement, with the position of the analyser with respect 
to the polariser, the variation being greatest when the colour extin- 
guished is that of greatest intensity in the spectrum, namely, yellow 
in the neighbourhood of wave-length 0-000550. In the case of quartz 



Kio. 78fi,— A i>«1oh of Rotation for Rltrht-handcd 
Qiuirtz 1‘lute 3 nun. thick. 


Fm. 787. A iikIcs of Rotation for R ii'ht-handod 
(Jnaitz Plate 7'5 nun. thick. 


under crossed Nicols this occurs for a plate perpendicular to the axis 
of 7-5 mm. thickness, and with parallel Nicols for one 3-75 mm thick. 
For a plate of 7-5 mm. rotates this yellow ray for 180®, while one of 
3-75 mm. thickness rotates it for 90®. This is graphically illustrated 
in the two diagrams Figs. 786 and 787, which give with strong lines 

^ Considerable confusion lias boon introduced into the subject of optical rotation 
by tho fact that chemists, in their u.so of the polaruneter for the determination of 
tho rotation of the ])lano of polarisation by optically active substances (chiefly liquids 
or solids in solution, but occasionally the solids thomsolvos), have adopted a different 
convention, as regards the sign of the rotation, to that employed by physicists and 
cry8tallogra])her8, who refer to tho actual occurrence in tho crystal itself. For 
instance, the right-handed quart/, of the crystallographer actually rotates the plane 
of polarisation of light in the opposite direction to the so-called doxtro-camphor of 
the chemist. Tho latter regards a rotation as right-handed or doxtro when it appears 
clockwise to the observer looking through tho eyepiece of the polarimeter. But 
tho crystallographer regards himself as travelling with the beam of light, that is, as 
looking along tho direction of propagation of the light ; if the movement of the light 
in tho crystal is like that of a right-handed screw, clockwise, the crystal is right- 
handed or doxtro-gyratory, and if The light moves in left-handed screw fashion, anti- 
clockwise, the crystal is Isevo-rotatory or left-handed. It is very important that 
this should bo quite clear. ^ 
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the rotutioii of rays of wave-lengths corresponding to those of the 
Fraunhofer lines B, C, D, E, F, and G, and to wave-length 0-000550, 
by right-handed plates of these two thicknessoa. The interference 
colour actually observed when wave-length 0*000550 is extinguished 
is the transition 'dolet between tlie first and second orders of sp?ctra 
in the ciifees of both thes** plates. That is, a plate of quartz 3*75 nini. 
thick gives the transition tint when the Nicols are parallel, while one 
of 7-5 mm. thickness gives it when the Nicols are crossed, a rotation 
of 180'^ having the same effect as no rotation at all, as it merely brings 
about the crossing again. A slight rotation of the analyser from the 
position for the violet transition tint, to the right (clockwise) or left 
(anti-clockwise), according as the crystal is right-handed or left-handed, 
causes the colour to change to red (first order). On the other hand, 
a rotation of the analyser contrary to the rotatory character of the 
plate causes the violet transition tint to change to blue or green (second 
order). 

The colours afforded by plates thicker than 7*5 mm. are less 
brdliant ; for when the angle of rotation for red b<>comes a multiple 
of 18(F, other colours than that may also be rotated for still higher 
multiples of 180'^ and bci simultaneously extinguished by the analyser. 
A plate 10 mm. thick rotates the bright red near C for 180° and a 
plate of 20 mm. for 3G0°, two semicircles. A 20-mm. ])late, however, 
also rotates the yellowish green for three semicircles, and the indigo blue 
for four semicircles, so all three colours are extinguished under crossed 
Nicols, and white of the higher orders is largely admixed with the 
colour shown. More colours still are simultaiumusly extinguished with 
yet greater thicknesses of plate, and eventually pure white light is 
afforded. On the other hand, the colour becomes again enfeebled when 
the thickness is much less than 3*75 mm. A plate 1 mm. thick gives 
only feeble tints, one of 0*5 mm. feebler still, and one of only 0*1 mm. 
only gives rotations for red and violet of 1*7 and 4-4 degrees, and 


under crossed Nicols shows practically no light. 

The Biquartz. — A most valuable application of the facts stated in the 
preceding section is found in the biquartz, a double plate of 3-75 or 7*5 
mm. thickness, composed of one semicircular 
plate of right-handed quartz and another of left- 
handed quartz, both cut truly perpendicular 
to the axis ; the two normally ground and 
polished plane bases of the semicircles are 
cemented together with balsam so as to show only 
a faint line when the plate is regarded normally, 
as shown in Fig. 788, the different - handed 
nature of the rotation of the two halves being 
indicated in the figure by the shading. Such 
a composite plate gives the transition violet 
equally throughout when the Nicols are parallel (for a 3-75-mm. plate) 
or crossed (for a 7*5-mm. plate), and a slight rotation of the analyser 
causes one side t3 become red of the first order and the other blue or green 



FiQ. 788.— The Biquurf z. 
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of the. 8e6ond order speetrum. In sodium light such a biquartz appears 
equally brightly yellow in the two halves, when the analyser is parallel 
or crossed in the two cases, while a* very slight rotation of the analyser 

© is sufHcient to effect a clearly percept- 
ible difference of intensity between 
the two halves, as indicated iif Fig. 789. 

A biquartz thus affords a means 
of rendering more exact the adjust- 
ment of the analysing Nicol to the 
crossing position with tlie polariser, 
anil also for detecting rotation of the 
plane of polarisation by any other 
plate or a cell of liquid introduced 
between it and the polariser, after the 
latter and the analyser have been set 
for the transition tint. For obviously 
any disturbance of the plane of polar- 
I’la. 789.--Api)(‘arai>ct‘ of a Rhiiiiutz with isatioii Will affect the two sides of the 

Aiiiilyrter t‘li^htly rotiitOAl. i. . , rn i- j • 

luquartz oppositely, llie biquartz is 
consequently much used in polarinieters or sacchanmeters, polariscopes 
for the determination of the optical rotation of liquids and solutions (see 
Chapter IjV.), and may be effectively used also for the jiractical deter- 
mination of the angle of rotation of an optically aidive crystal-plate. 

Sometimes it is possible to obtain a natural biquartz, cut from a 
natural twin crystal of right- and left-handed rotatory jiower and 
crystallographic development. The author jiossesses two sucli natural 
biquartzes of 3*75 mm. thickness, in which the violet colour produced 
in both halves when the Nicols are parallel is exquisitely even and 
beautifully delicate, while the line of junction of the two individual 
crystals is invisible, except for a very thin white line in one case, and 
a mere trace of such in the other, the plane of composition of the twin 
being perpendicular to the plate. On the slightest rotation of the 
analyser the two halves pass res])ectively into brilliant red and blue. 
With crossed Nicols an even yellow is shown, with a thin black line 
of demarcation between the two semicircles ; the yellow passes rapidly 
on rotation of the analyser into orange on one side and green on the 
other. 


When the plane of the plate is not at right angles to the plane of 
composition of the twin, but inclined, the effect with jiarallel Nicols is 
to produce a broad white band extending for the width of the inclined 
overlapping of the two halves, and under crossed Nicols a black band, 
as shown in Fig. 789a, the dark field being produced along this sti;ip 
where the two op])osite rotations neutralise each other. It is similar to 
the dark band produced in the centre of the field by a rectangular block 
composed of two superposed wedges of oppositely active quartz, Fig. 807, 
as described on page 1104:. Indeed when the plate is sufficiently thick (7*6 
mm. serves admirably) not only is the black central band seen, but also 
two spectrum bands are observed, one on each side of it, Separated from it 
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!)}• ii white space. I’he effect can readily and exactly imitated, by con- 
structing a thick double-plate df quartz, composed of two halves of 
respectively right-handed and left-handed quartz, each of 7 -5 mm. thick- 
ness, and each of whicli 
has had the edge-face of 
junction aground and pol- 
ished at about 30° or so 
from perpendicularity to 
the plate, the two jiarts 
being cemented by hard 
balsam dissolved in turpen- 
tine in the usual manner 
for a biquartz. Fig. 790 of 
Plate Vll I. shows the effect 
with sucli an artificial com- 
posite })late of large size 
possessed by the author, 
when jilaced in jiarallel 
light between the crossed 
Nicols of the ])rojection 
polariscope. It forms a 
very beautiful object as 
seen projected on the 
screen, the two halves on 
the two sides of the central junction-strip polarising brilliantly in even 
complcnu'iitary colours. 

The effect of a black band with flanking sjiectra is very similar to 
that obtained, due to double refraction and not to optical activity, when 
two thin wedges of quartz ar(‘ cemented together to form a jiiirallel jilate, 
one wedge being cut so tliat the optic, axis is i)arallel to the edge of the 
wedge, and the other with the optic axis ])(‘r])endicu]ar to the (‘dge. 
When such a comj)ositc quartz plate, known from its first constructor 
as a Babinet Plate,” is jilaced on the jiolariscope stage, and rotated 
to the 45° position with respect to the plain's of viliration of the crossed 
Nicols, there is observed on the screen a deep black band in th(‘ centre, 
parallel to the edge of the wedge, and a number of sjiei trum bands on 
each side, separated by white equal interspaces, the rainbow-coloured 
bands showing the orders of Newton’s spectra. The effect is illustrated 
as far as is possible in black and white in big. 838 in Clui})ter LII., which 
is a direct reproduction of a photograph of the screen-picture. 

While occasionally the Brazilian twinning of quartz, parallel to a pair 
of faces of the second order hexagonal prism JlOi; or Jll-20| as described 
on p»ge 507 and illustrated in Fig. 410, furnishes a section-plate which 
is ft perfect natural biquartz, with the edge-plane of junction so truly 
perpendicular to the plate as to afford a dividing line only visible when 
the analysing Nicol is rotated from its position of exact crossing to the 
polarising Nicol ; and while it still oftener affords a section-plate with 
an oblique edgc^plane of junction, giving the effects seen in Figs. 789a 
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and 79(5 ; it ii^ucii more frequently occurs in an irregular and even erratic 
manner, ^^ving rise to the most remarltable and varied effects in parallel 
pola^sed light when a section-platd'is cut perpendicular to the axis, the 
surfaces of contact taking every variety of shajx; and inclination. Such 
a striking case is reproduced in black and white from the projected screen- 
])icture in Fig. 791 on Plate VIII. Fig. 792 of Plate VIII. is i^ae repo- 
duction ot a screen-picture afforded by a particularly interesting section- 
j)late, in which there are repeated 60°- or 120°-wed go-shaped intrusions 
of one variety of quartz into a greater mass of tlie other variety, the 
liorder of the wedge being composed of a ribbon, the outer edges of which 
are spectrum-coloured, and the central line of which is formed by the 
dee]) black band, separated on each side from the spectrum by a white 
strip. Wlien the })hotograpli was taken the u])per homogeneous part 
was coloured a brilliant green, and the lower part, appearing black in 
the photograph, was a deep red. 

ijiother very instructive mode of occurrence of the twinning is that 
which takes a parallel rectilinear strip-like form, due to repeated and 
more or less regular alternation of the right- and left-handed varieties of 
quartz. An excellent example is shown in Fig. 793 of Plate VIII., which 
represents the effect, as seen in parallel light with crossed Nicols, with a platen 
of quartz 7-5 mm. thick, one half of which is composed of left-handed 
quartz, giving a rich rose-red colour on the screen (or on using the pro- 
jection ])olariscope as a table instrument), wliile the other half consists 
of an alternation of parallel straight strips of right- and left-handed quartz, 
joined obliquely to the plate surface, the black band, white bands" on 
either side, and flanking spectra being repeated several times before, the 
edge of the plate is reached. This plate, indeed, exhibits on the gh>seer' 
scale what occurs in amethyst in a more minutely laminated and 
accurately regular manner, as illustrated, facing ])age 510 in Figs. 414 and 
415, on Plate III. The alternate strips in amethyst are reduced to mere 
lines, the sections of laminte or films of almost microscopic tenuity, their 
number being correspondingly enormously increased. 

Determination of the Rotatory Power of Optically Active Crystals. 
— The direct determination of the angle of rotation of the plane of 
polarisation by a crystal-platc is conveniently carried out with the aid of 
a special fitting to the polariscope of the von Groth universal a])paratus 
already referred to in Chapter XLVIIL, and illustrated in Fig. 762 
(page 1045), in connection with its use in optic-axial-angle determinations. 
The apparatus as arranged for the ordinary determination of optical 
rotation, with the aid of the monochromatic illuminator of Chapter 
XLIV., is that already illustrated in Fig. 763 on page 1046, except that the 
polariscope is specially fitted for use as a polarimeter (instrument for 
measuring the rotation of the plane of polarisation of light), in a manner 
which is shown in Fig. 794, This Fig. 794 also shows the illuminator in 
use as a spectroscope, for the analysis of the coloured light transmitted 
by the biquartz, and localisation of the extinguished wave-length, a 
particularly accurate method of determining the optical rotation which 
will be fully described in a later section of this chapter (p4ige 1096), 
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The syg^m of converging loni^ o, 6, c, d (Fig. 762) is temovod from the jwlarlsiug 
i, 90 as to leave it arranged as for pwallel Ikht instea^d of for convergent light. 
Pufther, the whole analysing tube t is removed (it w shown standing up on the dpectro- 
s6qp« b^-board in Fig. 794), and replaced by i 8[>ecial rotatable cap f, fitting over the 
Dude plate m which carries an engraved silver vernier, and which has been per- 
haanently attached to the circular widening g of the front column b (/ In Fiji. 762) for 
the exprest purpose of this measurement. The cap is provided with a bovcllt'd'dlvor 
divided bircle, for use with the vernier engraved on m. 'I’lie Jront of the cap carries 
a short tube 0 for the receiition of the Nicol analyser x, and the whole <'ap is then 
rotated until the dark Hold is produced with the largo polarising Nicol m tlio polaiisini^t 
lube i. It IS sometimes im advantage to place m front of the analysing NiC(»l the 
Small-aperture cap with its little lens, shown at k leaning up against the tube t in Fig. 
794. The crystol-plato is suspended from the erystal holder <5, or is held m a sp^al 
piheetto of platinum foil held in turn by the ordinary one S, and it requires to be flrsx 
adjusted, perpendicular to the optical a.Kis of the polarising and analyMiig tubes, with 
(phe aid of the adjusting and centring movements y and 
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Optically .Active Crystal, \ , 

This adjustment has to bo effected absolutely, as otherwise the rays will traverse a 
greater thickness of the crystal than is represented by its measured thickness. I’o 
enable'ft to be accurately achieved, the cap and the analysing Nicol are temporarily 
withdrawn, and replaced by the ordinary analysing tube /; but instead of^'tl|fi 
ahfllysing Nicol, which is left attaohed to the removed ca|), there is inserted a .so-called< 
Gauss’s mirror, a short open tii be carrying a plate of truly plane-parallel glass, rotatable 
on an axis- diametral to the tube, the rotation being effected by a little bent lever the 
handle of which projects outside m front. It is shown at \ in front of the apparatus, 
and separated from t for the sake of clearness, in Fig. 794. Or the Becker litting 
described on page 41 and also shown in Fig. 24, and in front at /a in Fig, 794, may lie 
adapted instead. The rays from a goniometer or table lamp placed to one side of the 
instrument are admitted through a slot (s in Fig. 762) in the tube t, and are reflectefl 
from the glass-plate mirror normally to the crystal, and thence back again, passing 
straight through the glass plate to the observer’s eye. In order to servo as a signal, 
the glass plate bearing an engraved micrometer ,8calc and also a vertical diametral 
4ne at right angles to the horizontal one of the scale, which is given by Fuess with the 
universal apparatvSi iw use in approximate ertiinations of optic axial angles, should 


1088 CRYSTALLOGRAPHY, ' ?AtiT m 

be placed in position at ir in tho tube t, if rtot already tl^ere ; the reflected ifflf^ of 
the cross-lines and scale is then made, by adjustment of the crystal-plate (reflecting 
tho image) exactly nonnal to th(‘ aJis of the tube t, to coincide with the actual erdss- 
linos and scale themselves, as seen dirodtly. 

After this important adjustment has been carried out, the tube I is removed and 
the cap and Nicol reinstated. The determination of rotation can then be carried out 
either (1) without or (2) with the aid of a biquartz. The former simpltf case will 
first B^considered. , 

(1) Tho Nicols being accurately cros.scd for production of maximum darkness, the 
crystal-plate will appear coloured in white light, and bright in monochromatic light 
with tho colour corresponding to tho wave-length employed. Using cither sodium 
liglit or its equivalent furnished by the monochromatic illuminator as one of the 
wafe-lengths for which a determination is to be made, in tho manner shown in Fig. 763 
(p. 1046), it will be found to be necessary to rotate the analysing Nicol, together with the 
large divided circle-cap which records the amount of the rotation much more finely than 
tho cjrclc of the Nicol itself, for some degrees on either one side or tho other m order to 
rostOi'c the dark field. By approaching this position from the original crossed position 
and taking a reading, and then going too far and returning to the position of extinction 
airtf taking a second reading, and afterwards taking tho mean of the two readings, or 
•lartiler still the mean of several such pairs of readings, a close ajiproximatiOTi to the 

extinction position will bo obtained. The angle of rotation required is the difference 
botwoon this mean reading for extinction and the reading for the crossed position of 
the Nicols. 

(2) The determination of the extinction position can be more delicately achieved 
%iththo aid of a biquartz of either 7 5 or 3’75 millimetres thickness. Tho biquartz is 

inserted in another cap, which acts also as a mount and fits oviu’ the further end of the 
tube projecting through tho collar g, nearest tho crystal. Its fine diametral line of 
cementation if it be an artifical biquartz (such a biquartz is shown in front at o-), or 
^e of composition if a natural twin (a natural biquartz being in position in the cap), 
i»arranged vertically (except when a spectroscope is to be used to analyse the colours, 
when it is arranged horizontally, as will be described later, on page 1096), and this lino 
server excellently for focussing purposes when tlio small-lens cap supplied with tho 
apparatus is used in front of the Nicol in order to restrict tho eye-opening and enlarge 
the field. The junction-line may also bo utilised as the line of reference instead of 
the micromotor scale and cross-lines if desired <^r convenient. The crystal-plate should 
be raised out of the field while the biquartz is adjusted to afford absolutely identical 
iransition tints in the two halves, the Nicols being parallel if tho biquartz be of 3-75 
mm. thickness, or crossed if it bo a 7-5-mm. plate. Then on lowering tho crystal into 
position again, after confirming that tho normal adjustment of the plate has not been 
impaired, by using the Gauss or Becker fitting and the dividing lino of tho two halves 
of^e biquartz itself as reference line, these two halves will bo observed to have 
taken up different tints, duo to tho rotation of the plane of polarisation by the crystal. 

The analysing Nicol is then rotated through tho angle of this .rotation, to the 
position at whieli the transition tint is equally restored in tho two halves of the 
biquartz. The transition violet should be approached from the two different sides 
several times, equal in number, and tlie mean of the readings taken as the true 
position ; the difference of this from tho reading for tho original transition tint when 
no crystal was in the field is the angle p of rotation required. 

‘ This value, however, will only be the moan value of tho rotation for the middle of 
the spectrum, and if the disjiersion of the rotation be considerable for different wave- 
lengths, it can only be regarded as an approximate value. Hence, in truly accurate 
work monochromatic light is ossentjp,!, and tlio observations should at least be made 
for sodium light, equality of intensity of illumination of the two halves of the biquartz 
being accepted as indicative of the true position of the rotated pline of polarisation. 
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To r6ii4®r tlio ubservationa complete, however, they should be made for a scries of 
wave-lengths, and when the spectroscopic monochromatic illuminator described in 
Chapter XLIV. is available (arranged as in Fig. 763) the same six wave-lengths as 
have been recommended in all the other optical work may conveniently be employed, 
namely, those corresponding to Li-light, C-light, Na-liglit, Tl-light, F-light, and violet 
hydrogen hght near G of the spectrum. 

There *are many other devices which may be employed instead of a 
biquartz to enhance tlie sensibility of the determinafion of tlic rotation 
angle. A Laurent lialf-shadow plate may bo u.sed, as in tiie polarimetor 
or saccharimeter (a polarimetor used chiefly for observing the optical 
rotation of sugar solutions, and thereby determining their strength) 
of that name, in whicli case monochromatic light is essential, sodium 
light giving very sharp results. The Laurent plate is a plate of glass of 
which one half is covered with a half-wave mica, selenite (gypsum), or 
quartz plate, so that the circular field of the polariscope is divided by the 
diametral line of junction, as in the case of the biquartz. Tlie two lialyes 
appear equally bright when the analyser is arranged parallel to the plane 
of polarisation of the light reaching it, but the least divergence from 
[larallelism introduces a considerable difference of intensity. In the 
event of the Laurent plate having one-half constructed of quartz, tlu' 
latter is cut parallel to the axis, and of such thickness that there is a 
retardation between the ordinary and extraordinary rays of exactly one 
half-wave. 

Another device for enhancing the sensitiveness of the determination 
is to replace the I^ieol analyser by a Jellett compound calcite prism. 
This little-known but very valuable prism was described liy Jellett 
to the British Association at their meeting in the year 1860.^ It 
enables the plane of ])olarisatioii of light to be deiermined with great 
precision. It consists of a long prism of calcspar, which is first reduced 
to the form of a rectangularly terminated prism by grinding off its ends, 
and is then sliced lengthwise by a plane nearly but not quite })crpen- 
dicular to the principal plane containing the shorter diagonal of the 
rhomb and the optic, axis. The two parts are joined in reversed positions, 
and a diapliragm with a circular ojicning is placed at each end. The 
light whicli passes through both diaphragms produces a circular field 
divided by a diametral line into two parts, in which the planes of polar- 
isation are slightly inclined to one another. The Calderon stauroscopip 
plate, described on page 976, differs in regard to the direction of cutting, 
the plane of cementation of the two halves lieing nearly parallel, instead 
of perpendicular, to the principal plane just referred to. When light 
which has been previously plane polarised is transmitted, it will be ex- 
tinguished in the two parts of the field for positions which are fairly 
close together, and the light will become of uniform intensity in a position 
midway between the two. When, therefore, the double prism is arranged 
to give this equality of tint on placing it in the path of the light 
rays leaving the polarising Nicol, and the optically active crystal-plate 
is then introduced, the balance of intensity in the two halves will be 
British Assoc. Reports, 1860, vol. 2, 13. 
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upset ; the Jellett double prism is then rotated to follow the rotation 
of the plate, and arrested when the two halves are again equally 
illuminated. The difference of the circle readings corresponding to 
these two positions will then obviously afford the required angle of 
rotation p. 

Although each of these forms of sensitiveness - enhancer has its 
special merits, as above recorded, the use of a perfectly constructed 
biquartz is, however, on the whole perhaps the most satisfactory of 
all bisected field, half-shadow devices for enhancing the sensitiveness of 
this important determination of optical rotation, and any slight error of 
setting of the bi<iuartz and the crystal-jdate to exact normality to the 
polariscopic axis may be corrected by taking a second set of readings 
with the analyser rotated 180° from the position which it occupied in the 
first series. 

In many polarimeters or sacchari meters now, however, the sensitive- 
ness-enhancing device is a triple one composed of three vertical strips ; 
the central strip shows one intensity for a slight deviation from the rota- 
tion position, and the two flanking strips on each side, being similarly 
orientated, exhibit the other intensity to an equal degree, that is, exhibit 
equally another different intensity. It appears easier to discriminate the 
difference of intensity when the observer has a central strij) of one intensity 
and two equally different ones on each side to deal with, the required 
position when all three are equally ititense being very sharply determin- 
able. Two of the best of these three-strip-ficld devices will be described 
in the next section, concerning the optical ac'tivity of solutions. 

Polarimeters for Rotation of Liquids.— It is often desirable to investi- 
gate whether an optically active crystallised substance also exhibits 
optical activity when the crystals are dissolved in a solvent, in order to 
discover whether the activity is due to the enantiomorphism of the 
chemical molecules or of the point-system on which the crystal structure 
is built up, or to both causes. If the solution as well as the crystals 
rotate the plane of polarisation of light, the molecules as well as the 
crystal structure are enantiomorphous. But if the solution be not optic- 
ally active, while the crystals are, then the enantiomorphism is due 
simply to the structure of the point-system. Many pure liquid substances 
themselves, especially carbon compounds, also rotate the plane of polarisa- 
tion of light, although usually to a much smaller extent than solid crystals. 
An interesting fact about the molecules of quartz, the prototype of optic- 
ally active crystals, has been revealed, namely, that fused quartz, now 
such a common material as used for unbreakable laboratory vessels, does 
not rotate the plane of polarisation of light, the optical activity of quartz 
thus obviously being due to its two complementary types of screw 
structure alone, and not to the molecules of SiOg. 

Polarimeters, the instruments for the measurement of the optical 
rotations of liquids or of solutions in liquid solvents, are often termed sac- 
charimeters, as they have come into extensive use for the purpose of 
determining the strength of aqueous solutions of cane sugar, CigHggOu, in 
sugar works and refineries. For the general law was discovered by Biot, 
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that the amount of rotation of the plane of polarjsation of light is directly 
proportional to the percentage weight of the optically active crystalline 
substance (in this case cane sugar) contained in the solution,' and to the 
length of the column of the liquid solution through whicli the light passes. 
Thus a 20 per cent, solution affords a rotation twice as great as a 10 per 
cent, solution, and a tube 30 centimetres long filled with the solution 
will give three times the amount of rotation that a tube of 10 centimetres 
full of liquid will exhibit. This fact as regaids length of column is ana- 
logous to that referred to on page 1080, that the amount of rotation in 
the case of a crystal is directly proportional to the thickness of the crystal 
plate employed. In the case of solutions, however, care requires to be 
taken not to cnqiloy them too dilute, for then electrolytic ionic dissocia- 
tion is liable to occur with disturbing effect, t'onijilicated formula) have 
been given by various observers from time to time, beginning with Biot in 
1838, to express the minute effect of the solvent on the optical rotation 
of the substance dissolved ; for the solvent sujiposed to be without 
action, being non-rotating, does not altogether behave as expected, some 
kind of interinolecular action between the two substances being traceable. 
None of these formulae, however, have proved fully satisfactory, probably 
because any such minute action as occurs is specific to the particular 
solvent and dissolved substance in question. In any case such effects 
are almost within experimental error, and are practically negligible. 

The kind of relationship between solid crystals and liquids (either 
pure substances or solutions), as regards amount of optical rotation, will 
be exhibited by the following table. For comparison it should be remem- 
bered that it has been shown in previous ])ages that a plate of quartz 
one millimetre thick affords for sodium l)-light a rotation of 21 *7°, and of 
17*3° for red C-light. The rotations given in this table are for red light 
and a thickness of liquid of one decimetre between the two end plates 
closing the glass-containing tube. The sign + indicates a dextro rotation, 
and -a laavo rotation. 


Table op Optical Rotations of some Liquids. 

Essence of turpentine - 29 G" 

I’ure dextropinene from American spirit of turpentine, h.p. loG" . +21’5 

Lflovopinene from Erench turpentine oil, b.p, IGG f)" . . . -40 3 

Essence of carraway .... ... +66-8 

Essence of Seville oranges . ... +78*9 

GO per cent, aqueous solution of cane sugar . . . + 33-6 

6 per cent, alcoholic solution of quinine ...... 30-0 


Oil of turpentine, which has been known for a very long time to rotate 
the plane of polarisation of light, is usually a mixture of a considerable 
number of isomeric turpenes known as pinenes and camphcncs, all of the 
formula ; and both the amount and the sign of its rotation must 

obviously dejiend on the composition, that is, on which of the isomerides 
are present and their relative amounts, as each has its own specific rotation. 
Two varieties, however — American spirit of ‘turpentine and French oil of 
turpentine — ^are t^most pure dextropinene and lievopinene respectively, 
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and the rotations of these are given in the table. It is interesting that 
Biot in 1819 came to the conclusion that organic liquid substances which 
are optically active exhibit the property also in the gaseous state, and Gernez 
in 1864 proved this to be the case for the vapour of turpentine. This is 
clearly another proof of the enantiomorphisni of the chemical molecules. 

Every optically active substance has now been shown toopossess its 
own specific coefficient of rotation. For solids the amount of rotation of 
a plate one millimetre thick and for sodium yellow light is taken as the 
specific coefiicient, and it is denoted by p as already described. For 
liquids the specific coelficient is expressed as [a] 

The value of the rotation angle, here denoted by a, is assumed in this 
coefficient to be determined at the temperature of 20° C., and for sodium 
D-light. If I be the length of the column of liquid used, as measured 
between tlie two ])arallel end-plates of the tube and expressed in deci- 
metres, and c be the number of grammes of the substance in one cubic 
centimetre of the liquid (whether it be a solution or a pure substance), 
then : 




a 


Instead of c wo may write d, and take it to mean the density of the 
liquid, for this is obviously the same as the wciglit of 1 c.c., the specific 
gravity being the weight of 1 c.c. of the substance compared with that of 
an equal bulk of water at 4° C. The specific rotation is thus the 
angle through which the plane of polarisation of sodium D-light is rotated 
by passing through a column of the liquid substance one decimetre long 
and containing one gramme of the substance in one cubic ccntimetr(‘. If 
the liquid be a solution of a solid substance in an optically inactive solvent 
the expression for [aj)*’ requires another factor, representing the con- 
centration ; I as before is the length of the column of solution in deci- 
metres, d is the specific gravity of the solution, and p represents grammes of 
the optically active substance in 100 grammes of solution. Or instead of p 
we can write its equivalent two quantities actually determined, namely, 
n the grammes of solution containing g grammes of substance. We then 
have : 




lOOa _ ® 


For cane sugar, C 12 H 22 OJ 1 , in solutions of moderate strength, up to 30 
per cent., the specific rotation [a]^ is 66' 7° (average of determinations 
in most trustworthy researches). 

The connection between optical activity and the presence of assym- 
metric carbon atoms in the molecules of organic substances, and the whole 
question of enantiomorphism, will be dealt with fully in Chapter LV. It 
will be sufficient to state here that, in the case of carbon compounds, only 
those compounds are optically active which possess one or more asym- 
metric carbon atoms, that is, atoms of carbon the four<walencies of which 
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are satisfied by four different atoms or radical groups. Asymmetry of 
one or more carbon atoms is not, however, the condition for optical 
rotation ; for many carbon compounds have such atoms of carbon, and 
yet are inactive, the reason most frequently being, in cases where there 
are two such atoms or any even number of them, the internal compensation 
by mutual»neutralisation or symmetrisation, tliat is, enhancement of the 
internal symmetry of the molecule by the mirror-image arrangement of 
similar asymmetric groups within the molecule itself. 

The molecular rotation, [M]^, a constant of some theoretical importance 
as regards constitutional organic chemistry, is the itroduet of the specific 



Fig. 795, -Polurlineter by llilKer. 

rotation and the molecular weight, divided by 100 so as not to obtain 
unwieldy numbers. The value of [M]_^ for cane sugar is 228‘1°. 

Two of the most accurate and recent forms of Polarimeter, for measuring 
the rotation of the plane of polarisation of light in liquid substances and 
solutions, are those constructed by A. IJilger in London, and by Schmidt 
& Haensch in Berlin. Fig. 795 shows the former, Fig. 796 indicates 
the nature of the field of view through it, showing the triple form of its 
sensitiveness-enhancer, and Fig. 797 represents the Berlin instrument with 
its accessories. * 

The Hilger instrAnent, Fig. 795, takes tubes for liquids two decimetres long, and 
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this lengih can be doubled if specially requested. Screw adjustments are provided 
for the accurate levelling and centring of the tube, so as to bring its axis to coincide 
exactly with the axis of the instrument. The polarising system is of the type devised 
by Lippich, and modified by Landolt so as to render the half-shadow device for 
accurate orientation of the position of the angle of 
rotation one of the three-strip form, the circular field 
being divided, as shown in Fig. 796, into three vertical 
parallel strips. The illumination of the middle strip 
decreases in intensity when that of the two outer 
strips increases, and vice versa. 

Tlie device of Lippich consisted in placing immedi- 
ately after the polarising Nicol, and just before the 
tube of liquid, a smaller Nicol, half covering the field, 
and with its vibration direction set at a small angle 
with that of the polariser. On illuminating with 
monochromatic light the field appears uniformly 
Fio. 71)6.-Triple Hulf-shudow vibration direction of the analysing 

Field of Polurl meter. Nicol in front of the liquid tube is perpendicular to 

the bisectrix of the small angle between the vibration 
directions of the polariser and the smaller Nicol. Landolt added a second small Nicol 
next the polariser, the two small prisms being in the same vertical plane arranged right 
and left alongside each other, but with sufficient space between them to leave a central 
vertical strip of the field of the polariser uncovered by either of them, thus producing 
the kind of field shown in Fig. 796. The reason for the greater sensitiveness of this 
triple-strip field, according to R. S. Clay, who has made a special study of the subject, 
would appear to bi' as follows : With the ordinary half-shadow (two-strip) field the 
part of the retina of the eye on which the image of the briglit half of the field falls 
becomes fatigued, and if the two halves couhl be suddenly made equally bright that 
half which was originally brighter would appear darker than the other in consequence. 
But when the field is divided into three strips, of which the two outer are equal and 
either both darker or both brighter than the central strip, by fixing attention alter- 
nately on the one or the other dividing lino the fatigue effort actually helps to 
increase the sensitiveness ; for the part of the retina which was fatigued by the 
brighter strip when one dividing lino was observed, is the part on which the duller 
light falls when the eye is directed to the other dividing lino. 

A mercury vapour lamp, such as that devised by I)r. Sand, or the Cooper-Hewitt 
lamp, described on pages 971 and 973, and illustrated in Figs. 722 and 7226, is found 
to be the best illuminant, instead of a sodium flame, ns it affords greater accuracy 
and is more convenient. The divided circle fe 7 inches in diameter, and the division is 
on platinoid, which docs not tarnish. The double verniers read to 0-01 degree. The 
analyser is provided with a slow motion fine adjustment. A Ventzke scale is also 
provided, which affords direct readings in percentages of sugar, for use when the 
instrument is employed as saccharimeter in sugar estimations. 

The Schmidt & Haensch polarimeter. Fig. 797, is also of the Landolt type, having 
the triple-field sensitiveness-enhancer. In some of the instruments supplied by the 
firm, especially for sugar analysis, a Jellett calcite prism (see page 1089) is employed 
to provide the sensitive device, and the accuracy is so high with this form of instrument 
that the possible error is only 0-02 of a grain in a cubic inch of sugar solution. The 
Schmidt & Haensch polarimotcrs have also been much used in organic chemical 
laboratories, for the determination of the optical rotation of new active carbon 
compounds. 

There is still one other form of polarimeter which merits some descrip- 
tion, as it involves a new principle, namely, that of' Soleil. It is an 



CHAP.L ROTATION OF THE PLANE OF POLARISATION 1096 


ordinary Nicol prism polariscope, arranged as polarimeter for liquids as 
shown in Fig. 798, by providing space for the elongated tube containing 
the fluid, and with a biquartz of 7*5 mm. thickness, placed between the 
polarising Nicol and the liquid tube, as sensitiveness-enhancer, but to 
which also certain special accessories are added. 

Tho first is a plate of right-handed quartz cut porj>ondicularly to the optic axis 
and of a thickness t, placed immediately aftx'r tho tube of liqbid. Next to this and 
between it and the analysing Nicol come a pair of similar and mutually inverted 
wedges of left-handed quartz, such that together they form a parallel-sided plate 
tho thickness of which can be varied from almost nothing up to 2t, by one of tho 



Fio. 797.- -roliirhneter by Schiuidt <k H.icnsch. 

wedges being made to slide by rack and pinion movement over the other, very much 
like the arrangement in a Babinet comi)ensator. 'I'he bases of the two wedges, tho 
two parallel faces of the double-wedge plate, are also perjK'ndicular to the optic axis 
of the quartz, like the faces of the other, right-han<led, })lato. A scale is provided 
with one of tho wedges and a vernier with the other, and they are so arranged that 
when the indication is zero (this being in the middle of the scale, which reads right 
and left of this zero) the thickness of the left-handed double-wedge plate is equal to 
that of the solid right-handed one ; the rotation of the latter is then exactly neutralised 
and compensated. The apparatus under these conditions is a simple polarimeter with 
biquartz, the dividing line of the two halves of the latter being focussed by the eye- 
piece, which takes the form of a small Galilean telescope (a combination of a 
doubly convex objective and a doubly concave eye-glass) in front of the analyser. 
The tint of passage afforded by the biquartz whyn the Nicols are crossed is at once 
upset by the slightest movement of the milled head controlling the movement of 
the movable wed^, the combination of quartz plate and double-wedge plate then 
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corresponding to the introduction of an excess of either right or left quartz, according 
to the direction in which the milled head is turned. Hence, if the transition tint of 
the biquartz has been destroyed by the introduction of the tube of optically active 
liquid, it can be restored by introducing an equivalent amount of right- or left-handed 
quartz, according to the sign of rotation of the liquid, by careful rotation of the 
milled head controlling the wedge. The scale reading of the compensator enables 
this amount of quartz thickness to be read off, and thus the rotation rfhgle of the 
liquid to be determined ; for it is equal to that afforded by a plate of quartz of the 
thickness given by the scale reading. Soleil also added an extra element to counteract 
the effect of colour in the liquid (many of the sugar liquids being deeply coloured) 
or in the light employed, if pure white light he not available. It consists of another 
Nicol and quartz plate, added outside the apparatus as described, either before the light 
enters the polarisor or after it leaves the eyepiece. It is arranged to compensate for 
the undesirable colour by producing a complementary tint with the polariser or 
analyser, and it is found in practice to do this so effectually that a satisfactory trans- 
ition violet is afforded by the biquartz, the determination being then as readily 
possible as with ordinary unstained white light. 

Fig. 798 will enable the whole arrangement of Soleil’s polarimeter to be readily 
followed. The apparatus is rendered the more suitable for saccharimetry, inasmuch 
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FiQ. 798. — The Soleil Polarimeter. 


as the rotation of sugar solutions, in the more ordinary strengths used, is comparable 
in the order of its amount to that of quartz in the thicknesses usoil ; one decimetre 
of a 50 per cent, sugar solution, for instance, gives + 33 6° of rotation, as compared 
with 17-3"' for a plate of quartz one millimetre thick, both for red C-bght. 

Spectroscopic Analytical Method of Determining the Rotation Angle.— 

The most accurate method of all, however, is to analyse spectroscopically 
the light proceeding from the arrangement of apparatus with a biquartz 
as recommended on page 1 088. By means of a lens of suitable focal length, 
r in Fig. 794, page 1087, a real image of the biquartz is thrown on 
the slit V of the spectroscope, so as to produce one above another two 
spectra in the field of view of the telescope of the latter, one from each 
half of the biquartz, which should obviously be arranged for this 
determination with its diametral cementation - line horizontal. Each 
spectrum will then be found to exhibit a dark band corresponding to the 
colour extinguished by the analysing Nicol. On rotation of the latter 
the two bands will move through the spectra in opposite directions, 
and the object is to arrange the Nicol so that they are exactly one above 
the other in the same straight line. When this is achieved it will be 
clear that light of the same wave-length has been extinguished in the 
two halves of the field, and that the plane of vibration of the Nicol 
analyser is parallel to the plane of vibration of the light leaving the 
crystal-plate. The biquartz may, however, be eliminated as an alter- 
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native method, when a band or bands will be seen in the spectrum 
corresponding to the radiations extinguished by the crystal-})late itself. 

If sunlight be used and the solar lines clearly focussed, the position 
of the analyser, and therefore the angle of rotation of the ('rystal, can be 
read off for the coincidence of the dark band with each of the principal 
Fraunhofcf lines, such coincidence l)ping brought about by rotation of 
the analysing Nicol to the necessary extent. The baiul effects its passage 
through the spectrum from red towards violet as the analyser is rotated 
more and more from the original crossed position. If the dispersion of 
the angle of rotation exceeds 180° for the two ends of the spectrum, 
but is less than 360°, two bands will a])pear in the spectrum, and an 
additional band for every 180° of dispersion. In fact the spectral band 
or bands never disappear, but simply move along the s])ecirum in one 
direction or another, according to the direction of rotation of the 
analyser and the character of the rotation, right- or left - handed, of 
the substance under investigation. 

The apparatus recommended on pages 1086-1 088 serves, when differently 
disposed, admirably for this spectroscopic method. For the monochromatic 
illuminator described in Chapter XLIV., employed to supply the ])olari- 
scope with the necessary monochromatic light, as shown in Fig. 763 (page 
1046), is also an excellent spectroscope. It is only needful to replace the 
fitting containing the ground-glass diffusing screen in front of the exit 
slit, shown as thus removed at (f) in Fig. 791, by one of the observing 
eyepieces in order to convert it at once into an ordinary spectroscope, 
just, in fact, as it is used during the calibration of the instrument 
for the passage through the exit slit of monochromatic light correspond- 
ing to specific wave-lengths. The exit slit merely requires to be opened 
wide, with the aid of the adjusting screw j^, in order that the whole 
field of the eyepiece may be filled with the spectrum. The large dis- 
persion of the single prism co of colourless special-flint glass, which has 
the merit of transmitting a very perfect violet end although so highly 
dispersive, is particularly suitable for this analytical purpose. The 
disposition of the whole apparatus is shown m Fig. 791, and it is of 
perfectly general application, whatever may be the nature of the 
optically active substance which it is di'sired to investigate. Sun- 
light is, of course, used, reflected into the ])olarising tube i from an 
adjustable mirror (such as t in Fig. 761, page 1043), which receives its 
light from a heliostat if one be available ; if not, the mirror merely 
requires periodic further adjustment as the sun gets off the instrument. 

DeterminatioaB of the Rotatory Power of Quartz. — Accurate determinations 
of the rotation of quartz have been made by Broch,' by von Lang,* by Soret and 
Saraain,® and by Lowry.* Broch * was the first to use the spectroscopic method, and 
devised it for the determination of the rotatory jK)wer of quartz. His apparatus 
consisted only of (1) a polarLscope, the quartz plate cut perpendicular to the axis 
being placed in a movable diaphragm between the two Nicols, (2) a slit at some distance 

‘ Ann. rhini. phys., 18.52, 34, 1 19. * Wiett. Akati. Her., 1S7H, 71, 209. 

® Arch. Soc. phfs. el nut. Oenh^e, 1882, S, 5, 97, atid 201. 

• * Phil. Trans., 1912, A, 272, 261. 
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from the polariser, and (3) a refracting prism and telescope after the analyser. The 
Nicol analyser was first arranged exactly at 90“ to the polariser, for perfect production 
of the dark field, in the absence of the quartz plate ; then, after introducing the latter 
precisely perpendicularly to the axis of the Nicola, exact coincidence of one of the 
dark interference bands with one of the Fraunhofer lines was brought to occur by 
rotation of the analyser. Broch used many plates of quartz of very diverse thick- 
nesses, and both right- and left-handed. He was able to determine Ulie angle of 
rotation for any specific Fraunhofer line to about ten minutes of arc. 

Von Lang {hr. cit.) subsequently endeavoured to render the two operations, just 
specified as ooneerned in a determination, •of equal facility and value, by the use of a 
double-prism or block of the nature of biquartz, and pri^duction of two spectra one 
above the other from the two halves ; the method is that illustrated in Fig. 794, except 
that no substance plate other than the biquartz was employed, this double-block of 
quartz serving both as substance plate and biquartz, the material being quartz in 
both cases and duplication being thus unnecessary. By rotation of the Nicol analyser 
the interference bands in the two spectra were made to move in opposite directions, 
until for a certain position of the Nicol they stood identically over each other. The 
analyser was then rotated first to the right and then to the left, until first in one 
spectrum and then in the other the nearest interference band coincided with a certain 
Fraunhofer line. When and i/'j are the corresponding azimuths of the Nicol, the 
angle of rotation p for this lino is afforded by the formula : 

where tn is a whole number easily obtained from the thickness of the plate and 
preliminary di^tcrminations. The -f sign is to be employed when the interference 
band lies at the first adjustment on the red side of the Fraunhofer line, and the - 
sign when the band lies on the blue side, Tlu' angle of rotation is in this manner 
afforded by the difference of two similar observations. 

Von I^ng found the usual 3-75-millimetres biquartz too thin for his purpose, the 
bands afforded being too broad. He used, therefore, a double block of right- and left- 
handed quartz 33-4 millimetres in length, m the direction of the o])tic axis, along which 
the light travelled. The exact length was arranged so that the sodium D-line should 
be practically opposite two coincident bands in the two spectra at the first adjustment 
of the Nicol, so as to render very small. Such a thick biquartz has to be 

arranged very near to the slit of the spectroscope, so that the plane of separation of 
the two halves may bisect the slit. The polarising Nicol was consequi'iitly the only 
one in front of the spectroscope, and was made in von Lang’s a])paratus the rotating 
one carrying the divided circle. The second Nicol was fixed in the telescope tube. 
In order to determine the influence of temperature on the angle of rotation von Lang 
also enclosed his biquartz in a heating apparatus furnished with plate-glass windows 
through which the light passed. The maximum error in von Lang’s determinations 
did not reach the one-hundredth of a degree. He found that the temperature change 
is represented by the following formula : 

I +0-000149/), 

where p and p^ are the angles of rotation at t° and 0°. 

Sohneke afterwards showed that this two-term formula is only correct for the 
mean effect between 20“ and 100“, ami that the rotation is not constant, but alters 
with the temperature in accordance with the three-term formula : 

+0-(K)0 099 9/ tO-OfX) 000 318/®). 

Sorot and Sarasin ^ employed the method of Broch with greater refinements, and 
used no biquartz, merely a much longer prism of simple right- or left-handed quartz 

^ Arch. Soc, phys. et nat, Getieve, 1882, 5, 97, anti 201. 
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parallel to the axis. They used the apparatus shown in Fig, 799, in which o is a 


brass tube supported by 
trunnions on a pair of 
columns b, and adjustable 
for altitude by means of 
a divided circle c. At the 
right end the tube carries 
a polarising Nicol d pro- 
vided with a divided circle 
e, and manipulated by the 
observer at the spectroscojje 
by means of a shaft / and 
pulley gear g. The quartz 
block h is supported in a 
diaphragm Ic, and a similar 
diaphragm I carrying rec- 
tangularly a couple of rods 
rn and a plate n afford a 
simple means of effecting 
the necessary adjustment 
of the quartz. The analys- 
ing Nicol is carried by the 
rotatable divided circle o, 
which was large enough to 
read to minutes with the 
aid of a vernier; it was 
mounted independently, in 
a manner which provided 
it with elaborate adjust- 
ments, on the two columns 
p. It was arranged fairly 
close to the slit g of the 
spectroscojie, of which lat- 
ter r is the collimator with 
its objective a, and t the 
telescope, with its eyepiece 
V, and objective v. The 
60° dispersing prism w was 
of Iceland spar in certain 
of the experiments, cut so 
that the rays at minimum 
deviation travelled along 
the optic axis with only 
single refraction ; in other 
determinations it was con- 
structed of white flint glass. 
The glass Steinheil achro- 
matic lenses in many of the 
experiments were replaced 
by a complete quartz train, 
which enabled the observa- 
tions to bo continued into 



the ultra-violet region of the spectrum. Sunlight was reflected into the apparatus by a 
heliostat, a quartz ftns of I A metres focal length being used to produce an image of the 


Fig. 799. — Apparatus employed by Sorefc and Sai 
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sun on the slit of the spectroscope. Two quartz blocks wero found most satisfactory 
among a large number used ; one was of 30 millimotros thickness, and of left-handed 
quartz, and the other was of right-handed quartz and no less than 60' millimetres 
thick. Both were single crystals, no biquartz being employed by Sorot and Sarasin, 
and the ends were truly plane and parallel to each other, and perpendicular to the 
optic axis, which direction it was most carefully arranged should be traversed by the 
rays during the determinations, • 

In some further mea^iurcments with monochromatic light Soret and Sarasin {loc. cit. 
p. 201) employed the method of the Laurent saechari meter, the essential point of 
which has alroarly been shown to bo that precision in the angular measurement of the 
position of the analysing Nicol is attained by the use of a half-shadow plate, which 
is a plate of glass half covered by a half-wave plate of quartz, gypsum, or mica. The 
plane of polarisation, with or without the plate of rotatory substance under investiga- 
tion (quartz in the experiments under consideration), is determined by turning the 
analyser until the two halves of the Laurent plate show equality of illumination. 
With sodium light, and using quartz for tlic half-wave portion of the composite plate, 
this method of Laurent proved likewise very satisfactory in the hands of Soret and 
Sarasin. 

Lowry ^ emfiloyed an elaborate spectroscopic method, for the details of which 
the original memoir should be consulted, and which involved the essentials, with 
additions and modifications, of the apparatus devised by Sir William Perkin for his 
well-known researches on magnetic rotation (rotation of the plane of polarisation of 
light by substances placed under the influcncii of a magnetic field, a phenomenon 
discovered by Faraday in the year 1840). Th(‘ determinations were made for 24 
wave-lengths of light, by employing the metallic bright-lmo spectra of sodium, lithium, 
thallium, mercury, cadmium, sdver, zinc, and copper with columns of doxtro- and 
Iffivo-quartz 181 -44 and 220-37 millimetres in length respectively, each made up of 
4 cylinders parallel to the optu; axis and arranged successively in optical contact. 
The IsBvo cylinders afforded as the final result a rotation of 25-5371'' [)cr milli- 
metre for the mercury green line (wave-length 0-0005461 mm.) and the temperature 
of 20° C. The dextro column afforded the rotation of 25 5301°. The results are thus 
very satisfactorily concordant. 

The angles of rotation p for a plate of quartz one millimetre thick, 
at the temperature of 20° C., for light of the wave-lengths of the 
principal Fraunhofer lines, as derived from these four series of measure- 
ments by Broch, von Lang, Soret and Sarasin, and Lowry, are given in 
the following table : 


Rotation Anolks of Quartz 1 mm. thick at 20°. 


Solar Line. 

Ilroch. 1 Von Lang. 

Soret and Sarasin. Lowry.* 

A 

1 

12° 39' =12-6.5° 

B 

15° 18' -- 15-30° I 

15 45 =15-75 

C 

17 14-17-24 1 17° 18'- 17-30° 

17 19 =17-31 


/ 

21 41 =21-69 J)i 21° 42'-21 70° l)i 

^ 1 

21 40 -21-67 , 21 44 -21-73 ' 

i 21 44 -21-73 21 46 -21-75 Dj 

1 ® 1 

27 28 =27-46 

,27 32 =27-54 

F 

32 30 =32-50 ,32 43 =32-72 

32 46 =32-76 

G 

42 12 -42-20 I 

42 36 =42-59 

1 H 

.. 

; 61 11 -6119 


i 

i _ _ 


♦ In the original tneinolr (loc. cit. betow) the values for 22 other luotalllc lines are given. 
1 Phil. Trans., A, 1912, JU, 261. • 



CHAP, h 


noi 


ROTATION OF THE PLANK OF POLARISATION 


Further Colour Phenomena o! Quartz due to its Optical Activity, and 
Discrimination of the Two Varieties-Right- and left-handed quartz are 
readily distinguished by the order of succession of the colours on rotating 
the Nicol analyser, from tire crossed position with respect to the 
jx)lariser. A right-handed crystal becomes first red, then orange, yellow, 
green, blqe, and violet, as the analyser is rotat<‘d in the direction of 
the hands of a watch, from the point of view of the observer looking 
in the same direction as the light is, being proj)agated ; whereas a left- 
handed crystal gives this order on rotating the analyser anti-clockwise. 
The two varieties are also distinguished by the manner of movement of 
the circular rings, afforded in convergent polarised liglit by a plate per- 
pendicular to the axis, when the analyser is rotated. The usual black 
cross of a uniaxial figiye is absent from the centre of the figure afforded 
by a plate of quartz perpendicular to the axis, of the thickness required 
to produce several rings, although the arms of the cross apj)ear towards 



Pm, 800, —Interference Fltfure affordeil by Piu. 801, - lutcrference Figure afrorded by 
Quartz Plate 1 itun, thick in 8troii«ly Quartz Plate 3-7.'j nun, tliick in inocler- 

Convergent Polarised Light. ately Convergent I'olansed Light. 


the margin of the field ; this is owing to the rotatory polarisation, indeed, 
the disappearance of the cross is the more complete the thicker the section- 
plate. Moreover, the centre is never black, but coloured just as tlie 
whole plate would be in parallel light. The succession of colours at 
the centre, on rotating the analyser, will thus be the same as that just 
given for parallel light. A plate one millimetre thick, however, which 
has already been shown to afford only weak colours in parallel light, and 
only exhibits a very few widely separated rings in the usual field, and 
using the same convergent system of lenses as that convenient for the 
thick plate, does show the black cross. A photograph of such a figure, 
but using a more strongly convergent beam, is reproduced in Fig. 800. 
A right-handed or left-handed quartz plate, of 3*75 mm. thickness, affords 
an interference figure such as that reproduced from an actual photograph 
in Fig. 801. 

On rotating the analyser from the crossed position in the direction 
of the hands of a watch (regarded, as stated on the previous page, in the 
direction in whi%h the light is travelling), the rings of such a quartz figure 
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Flo. 802. —Airy’s Spirals ohtiilnot I by Sui>er- 


as Fig. 801 expand when the crystal plate is right-handed, and contract 
if the section has been cut from a left-handed crystal, as they change to 
produce the figure for parallel Nicols, the central ring also becoming 
nearly square. When such an equally thick pair of right- and left- 
handed plates are superposed, a double 
spiral figure is produced, ^the well- 
known “ Airy’s Spirals,” photographic- 
ally reproduced in Fig. 802 as afforded 
by the pair of plates one of which was 
used for Fig. 801. 

It is of considerable theoretic interest 
that Reusch has succeeded in artificially 
reproducing these figures for right- and 
left-handed quartz, by arranging an 
adequate number of strips of mica films 
over each other in a clockwise and anti- 
clockwise manner respectively ; and 
that a pair of these imitation quartzes 
posltfoti of a JUKht-hando(l and a Lott- of mica, of opposite rotations, also re- 
in moderately Convergent Polarised ])rodUCe Airy S S])irals wlien placed OVer 
each other between crossed Nicols. In 
each of Reusch’s preparations obtained from Messrs, Steeg & Reuter of 
Hornburg 24 lamell® are laid over each other at angles of 60°, thus making 
four complete screw turns. The arrangements arc indicated in Figs. 
803 and 804, the numb(*rs indicating the order of the laying down of 
the strips. 

Regarding them from above, as laid on the stage of the polariscope, 
which is the oppo- 
site way to that 
in which the pol- 
arised light from 24^g 
the polarising 12 
Nicol meets them, 
the right-handed 
preparation has 
the strips arranged 23 ^’ 
in anti-clockwise 
order, or clock- 
wise to the rays 
of incident light; 
while the left- 
handed prepara- 
tion has the strips 

arranged clockwise, or anti-clockwise to the incident light rays. All 
the lamellfio are taken from the same cleavage sheet of mica of equal 
thickness throughout. One-eighth-wave tiiickness of mica-film is the 
best for the purpose. The direction of the line joining the optic axes is 
diametral in all the 24 strips, that is, parallel to the lopger edges of the 



19 

13 

7 



Right 

Fio, 803. Fig. 804. 

Reusch’a Slnuilated Left- and Right-handed Quartzes composed of 
spirally arranged Mica Films. 
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strips. Hence, this direction is rotated four times during the passage of 
light through all the 24 films. 

These two mica preparations, artificial quartzes, are obviously the 
mirror-images of each other, and form a splendid proof of the mirror- 
image or “ enantiomorphous ” similarity of the two varieties of quartz. 

Strikinj^ Screen Demonstration of Ris:ht- or Left-handed Character 
of Quartz. — A very beautiful screen experiment, due to S. P. Thompson, 
for exhibiting the right- and left-handed rotations of Ihe two varieties of 
quartz in a striking manner is as follows : A circular plate is prepared, 
composed of 24 sectors of half-wave mica, all cut from the same half- 
wave film and in such a manner that tJie direction of the line joining 
the two optic axes of the mica bisecLs each sector ; this direction is 
consequently radially arranged when the composite plate is complete. 
The 24 sectors aie carefully cemented closely side by side radially, with 
their points at the common centre, with hard balsam in benzene (or 
better, turpentine, the drying then more probably occurring without 
bubbles), on a circular glass plate of the usual 1 J-inch diameter for pro- 
jection purposes in parallel light. When the balsam has set, some days 
subsequently, a second glass plate is likewise cemented over them, so as to 
enclose the sectors permanently in balsam between the two protective 
glass plates. When the whole is har<l the composite plate is mounted 
in the usual rectangular mahogany frame with rabbeted 2-inch circular 
aperture, in which it is maintained by a brass spring-ring ; it should be 
arranged so that the bisecting line of one jiair of sectors is vertical wlnm 
of course that of anotln‘r pair will be horizontal. On placing it as a 
polarising object on the stage of the projection jiolariscojie, exactly us 
shown in Fi". 633 on p. 853, and under cros.sed Nicols, it affords, on 
actuating the arc of the lantern, the appearance on the siireen which is 
shown in Fig. 805 and on a smaller scale at (i in h ig 806, the shading 
lines indicating the direction in each sector 
of the line joining the optic axes. The 
vertical and horizontal sectors are at ex- 
tinction, and appear as a black cross, while 
the sectors occupying the diagonal 45‘^-posi- 
tions are brilliantly white ; the intermediate 
sectors show regularly varying tones of 
grey, the whole being a very beautiful object 
of exquisite shades of French grey, passing 
in each quadrant into jet black at the 
vertical and horizontal positions and into 
white at the bisecting 45°-position8. 

When now a right-handed plate of Fio, 805. 

quartz 1 mm. thick cut perpendicularly 

to the axis is introduced normally into the beam, that is, parallel to tlie 
mica plate, preferably behind the latter, the black cross rotates one 
sector to the right, as shown at h in Fig. 806, and a little colour of 
delicate shades is introduced into the whole figure. When, on the other 
hand, a left-hanjed one-millimetre plate is introduced, the black cross 
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rotates one sector to the left, as shown at c. The experiment is very 
striking if the two quartz plates are mounted independently in the same 
carrier frame, so that they can be rapidly inserted in succession or alter^ 
nated ; the rotation of the cross is then particularly marked, first to one 
side and then back through two sectors to the other, according to the right- 
or left-handed character of the plate introduced. This thin cayier frame, 
by 2J inches, of hard mahogany, containing side by side the two 



cab 
Kia. soft. — Dcmoni'triitiua ol Klght and Left. Rotation of Quartz. 


oppositely rotating quartz plates each 1 millimetre thick and 2 inches in 
diameter (between o[)posite corners of the hexagon, that of the hexagonal 
prism from wliich eacli was cut), is arranged to slide easily in a supporting 
mahogany frame carried like a second stage immediately behind the rotating 
object stage (which in this experiment carries the mica sector-plate), 
shown in Fig. 034 (page 855) but not shown in Fig. 633. This second stage 
forms the upper part of an upright, ea.sily removed when not required, 
attached in a steady, dovetaded manner, to the adequately deep base of the 
object stage, 'riic two stages are thus brought 
very close to each other. A greater thickness 
of quartz than one millimetre is a disadvantage, 
as the bla(;k cross begins itself to colour and 
to lose its distinctive and striking character. 
The carrier frame with this pair of quartz plates 
is also shown in Fig, 634, on the plinth. 

The Four-wedge Biquartz.— A form of bi* 
quartz which also afiords a striking method of 
demonstrating optical rotation on the screen, 
and which is also used sometimes in determina- 



Fio. 807 .— Four-wedge Biquartz, tions of rotation, when the spectroscopic ana- 
J^iethod is not adopted, consists of a 
compound rectangular block fnade up of four 
equal wedges, composed of the two varieties of quartz, alternately 
arranged as shown in Bhg. 807. The wedges marked r are of right- 
handed quartz, and those marked I of left-handed. Each rectangular 
half, composed of two wedges of opposite rotation, affords in the dark 
field of the crossed Nicols a black band in the central line, where the 
thickness of the two wedges is the same and the rotations in opposite 
directions exactly neutralise each other. On each side of this central 
band, separated by a narrowo interval illuminated with white light, are 
a series of spectrum-coloured bands at regular interv^s, corresponding 
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to the orders of Newton, due to the regular increments of thickness and 
consequently preponderating amount of rotation of one wedge over the 
other. On cementing the two blocks together as one block like a biquartz, 
inverted as regards the front and back positions of the right- and left- 
handed wedges, as shown in Fig. 807, and again placing between crossed 
Nicols, the two sets of bands are observed to be exactly in line with each 
other, and the black centraWine of one to form a continuation of that of 
the other, when the analyser is exactly crossed to the polariser. But on 
the slightest rotation of the analyser, or on the introduction into the optical 
system of a plate of a rotating substance, the bands move in opposite 
directions, and tin? angle through which the analyser has to be rotated in the 
latter case, in order to restore the two halves of the black band to the same 
straight line, is the measure of the angle of rotation of the crystal-plate. 

The Biot Quartz Plate. — A sensitive quartz plate of 3 ‘76 millimetres 
thickness, cut perpendicularly to the axis, is also often used in crystal 
microscopy, instead of the sensitive gypsum plate giving an even red of 
the first order referred to in Chapter XLII. page 899, and is known as a 
“ Biot quartz plate.’’ As shown on pages 1082 and 1083, it exhibits the 
blue-violet transition tint when the Nicols are parallel, and an even yellow 
when the Nicols are cro.ssed. It is generally inserted over the objective 
as a slider in a slot of the optical tube of the microscope, between the 
polariser and analyser. For as it changes so rapidly into red of the first 
order or blue of the .second order (with parallel Nicols), or into orange or 
green (with crossed Nicols), when the doubly refractive effect of another 
thin crystal is superposed, it is most useful for determining the sign of 
the double refraction of microscopic crystals, by the sense in which the 
colour changes as the stage is rotated towards the 45°-position of the 
planes of vibration of the small crystal, with respect to those of the 
crossed or parallel Nicols, the uniform tint of the quartz being interrupted 
by the higher or lower order colour of the cry.':tal. 

Discrimination between the Double Refraction Interference Colours 
of Quartz and Colours due to Dispersion of Optical Rotation.— It was 
stated in Chapter XTJI. (page 903) that quartz, when examined in very 
thin plates under the microscope, is one of the most brilliantly polarising 
of crystals, owing to interference due to double refraction. For this 
reason it is readily recogni.sed in rock sections, the usual thickness of 
which is about 0-04 millimetre. A quartz section-plate of approximately 
this thickness affords brilliant first or second order double refraction 
colours under crossed Nicols, when the plate is not perpendicular to the 
optic axis or nearly so (when extinction occurs under crossed Nicols), 
and when the vibration directions are in the neighbourhood of 45° to 
the planes of the Nicols. As the thickness increases the colours pale 
off as described in Chapter XLII., more and more white light becoming 
admixed until after the seventh order of spectrum colour has been passed 
we have first the “ white of the higher orders,” and eventually pure 
white light. But when the thickness approaches a millimetre the rotation 
colours begin to be clearly visible, although weak, if the direction of the 
section-plate be iv)t too far from normal to the optic axis, due to the other 
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f„r a plate of 3-75 mm., as we have 

and pJcnkrly so when the plate is 
actually normal to the axis. This is even more fio when tbs double 
thickness of 7*5 mm. is reached. Hence, we have the two distinct sets 
of colour phenomena to discriminate between in the case of quartz, both 
brilliant, that due to double refraction in very thin plates, and which 
attains its maximum in a plate parallel to the axis ; and that due to 
optical activity in thick plates, which is most intense when the plate is 
perpendicular to the axis. It is this latter attribute of quartz, of 
polarisation in thick plates, which renders it so magnificent a subject 
for screen experiments with the lantern polariscope, large and thick 
plates of quartz being exceedingly valuable for this purpose. 

Interference Bands in Quartz by combined Scattering and Rotation of 


Light.— A beautiful series of experiments on the scattering of light by 
quartz, in which the optical rotation of the crystal plays a conspicuous 
part, have been carried out by Prof, the Hon. R. J. Strutt^ (now Lord 
Rayleigh). Yellow quartz and smoky quartz possess the property of 
scattering light very strongly, the foreign colouring matter being evidently 
distributed in the crystal in the form of small particles. The quartz 
crystal is best cut into a rectangular block, if possible two or three 
inches in length and an inch or more in the two other dimensions, with 
the longest edges parallel to the optic axis of the crystal. When a narrow 
parallel beam of light about 6 mm. diameter from the condenser of an 
electric lantern is sent along the axis the scattering is very clear, the beam 
being rendered strongly visible by it. Moreover, the light is polarised, 
and of a distinctly bluish colour. 

In previous experiments on the scattering of light in glass, it had been 
found that the scattered light was always polarised and bluish, the depth 
and purity of the blue being a measure of the completeness of the 
polarisation. Vibrations parallel to the direction of the primary beam 
afforded a weak image on examining through a Nicol prism with its vibra- 
tion direction parallel to the beam, while on rotating the Nicol 90° a very 
much stronger image of the block and beam were observed, composed 
of vibrations perpendicular to the primary beam. The intensity of the 
weak image was from 3 to 8 per cent, only of that of the strong image. 
The scattering in glass is regarded as also being due to minute particles 
of impurities rather than to molecules. 

In the case of yellow quartz from Madagascar and smoky quartz from 
Brazil, the polarisation was more complete, the weak image in the latter 
case being never more than three per cent, as intense as the strong image, 
and in the former case it was of less than the hundredth part of the 
intensity of the strong one, the vibrations of which were perpendicular to 
the axis. This strong image was coloured a rich sky-blue in the latter 
case, and in the case of the weak image from the yellow quartz the blue 
was even purer and deeper, resembling the “ residual blue ” observed 
by Tyndall in precipitated clouds, when the particles were small compared 
with the wave-length. • 


^ Proc. Roy. Soc., A, 1919, 95, 476. 
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If now the block be turned so that the primary beam travels per- 
pendicularly to the axis, and the observer looks along the axis, then the 
rotatory property of the crystal comes into play, and the two polarisations 
appear of equal intensity, owing to several complete rotations having been 
caused by the great thickness of quartz used. The most beautiful of the experi- 
ments, however, is afforded when a Nicol is employed to polarise the incident 
beam, the cloud of particles themselves then acting as analyser. As the 
beam advances along the axis into th<5 crystal the plane of polarisation 
is rotated, so that alternations of light and darkness are observed laterally, 
(corresponding to rotations of 90°. In whiti* light the rotatory dispersion 
gives striking coloured bands, similar to interference bands, and like 
them losing purity after a few bands owing to the supcrjiosition of the 
different orders. Visually five or six bands can he traced, but photo- 
graphically several more arc revealed, as reproduced in Fig. 808. Another 
reproduced pliotograph in Fig. 809 represents the ajipearance in mono- 
chromatic violet light from a quartz mercury lamp, corresponding to the 
violet line of mercury. 



FiQ, 808. —In White LlRht. Fia. 809.— In Violet Mercnry Light. 

Interference Bands in (piartz by Scattering and Rotation. 


A particularly pretty effect is obtained when a jiolarised beam is passed 
in smccessiori through two crystals, the first right-handed and the second 
left-handed, the latter being twice the length of the former. Using white 
light the bands appear with maximum distinctness where the beam enters 
the first crystal, becoming fainter along the length of this crystal according 
to the rule already referred to. The second crystal, however, reverses 
the action of the hrst, and the bands become more distinct again, until 
the beam has traversed an equal thickm'ss of each, that is, until it reaches 
the middle of the second crystal. Here the planes of polarisation for the 
various colours again coincide, and maximum distinctness is recovered. 
Beyond this the bands gradually fade out again. Thus the central white 
band occurs in the middle of the second crystal, with the coloured bands 
ranged in descending order of intensity on each side of it. The appearance 
is the same as that of the complete interference fringes in white light 
produced by Fresnel’s biprism or any equivalent device. On rotating 
the polariser the bands travel along the axis in opposite directions. To 
get the bands in their full intensity, it is important to adjust the crystals 
so that the light traverses the optic axis of both crystals with fair accuracy. 

Pure colourless^ quartz has only a very slight scattering effect, usually 
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not perceptible to the eye, but revealed by photography. The scattering 
by this clear quartz is, however, about eight times as strong as that of 
dust-free air. Clear Iceland spar also gives a scattering strong compared 
with ait, although very weak compared with yellow or smoky quartz. 
It would appear to have been proved by Prof. Strutt that in all the cases 
of quartz and calcite studied, the scattering has only rela^on to the 
foreign encloaures, however minute, and not to the atomic or molecular 
crystal structure. Only X-rays are competent, by virtue of their short 
wave-length being of the minute order of atomic dimensions, to he scattered 
by the actual units, the atoms building up the crystal structure, and this 
is specially dealt with in Chapter XXXIII. 

Other Optically Active Crystalline Substances.— Quartz is relatively 
powerful as an optically active substance, and in order to form a true 
perspective of the subject it is necessary to compare its rotatory power 
with that of other active crystalline substances. Another very pro- 
minent substance also endowed with the property is sodium chlorate, 
NaClOg, and in this case it is only developed to a typically low degree. 
In the following table the angles of rotation for a plate of sodium chlorate 
one millimetre thick, as determined by Cuye, are given for the same 
wave-lengths, those of the prominent Fraunhofer lines, as those for quartz 
already tabulated on page 1100. 

Angles of Rotation p for Sodium Chlorate 

Fraunhofer line . B C I) E F (4 H 

Rotation angle . 2“ 16' 2° 30' 3*^ 8' 3° 56' 4° 40' 6° 0' 7® 10' 

The two oppositely optically active varieties of botli quartz and 
sodium chlorate exhibit equal amounts of the two opposite rotations, so that 
the angles p are identical for the two varieties, but the signs are different. 
The reason is that in the crystals of one variety, the right-handed, 
the clockwise circular movement or vibration is the more rapid, whilst 
in the other modification, the left-handed, the anti-clockwise orbital 
movement is the quicker. With equal thickness of plate, however, 
the amounts of rotation exhibited by the two varieties are exactly 
equal, corresponding to their exact mirror-image symmetry. The 
structure of sodium chlorate and bromate has been determined 
by N. H. Kolkmeyer ^ by the X-ray method of .Debye and Scherrer. 
The elementary cube cell contains four molecules of NaC103, and its 
edge is 6'66xl0~® cm. for sodium chlorate and 6*74 x 10'® cm. for 
sodium bromate. This unit cell is divided into eight smaller cubes, four 
of which, chosen tetrahedrally, each contain one molecule, and the 
sodium and halogen atoms are situated on non-intersecting diagonals of 
the four cubes. The three oxygen atoms are grouped around a halogen 
atom, at a distance from it of one-seventh of the parameter of the 
lattice. This structure would appear to agree with the enantiomorphous 
nature of class 28. 

The more important substances the crystals of which rotate the plane 
1 Proc Kon. Akad van Wetensch., Amsterdam, 1926, 23, 644. 
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of polarisation of light are arranged below according to their symmetry, 
and the amounts of their rotation for yellow sodium light (except in the 
case of cinnabar, for which the only available determination is for red 
light), for a plate 1 mm. thick, are appended. 


Cubic System. 


Tetrahedral-pentagorial-dodecahedral class (cnbic-tetartdhedral), Class 28. 


Pm. 

Observer. 

Sodium chlorate, NaClOj 

r 8 ' 

Guyo 

brornate, NaBrOg 

2 10 

Traube 

„ sulphantimoniatc, Na 3 SbS 4 . 9 H 3 O (Schlippo’.'i salt) 

2 40 

Marbach 

„ uranyl acetate, NalJOjICjUjO^la .... 

1 29 

Traube 

Tetragonal System. 



Trapezohedral class (trapezohedral-hcimhedral), Class 11. 


Hydrogen Zinc raalate, Zn (C 4 H 506 ) 2 . 2 H 2 () . 

3° 1' 

Traube 

Strychnine sulphate (C 2 in 22 N 2 () 2 ) 2 . H. 2 SO 4 . GH./.) . 

13 15 

» 

Ethylene diamine sulphate, C-jH^NHo)*. H 2 SO 4 . 

15 30 

von Ijang 

Guanidine carbonate (CNsHjlj . IbCOj . 

14 .34 

Bodewig 

Diacetyl phenolplitlialein, C 2 „Hi 2 () 4 (C 2 H 30)2 . 

19 42 



Hexagonal System. 

JToxagonal-pyratnidal class (henuinorphio-beiniliedral), C^lass 23. 
Potassium litliium sulphate, KL1SO4 3"* 20' Traubc 


Trigonal System. 


Trapczoliodral class (trapezohedral-tetartohedral), Class 18. 


Quartz, SiOj (see special table) 

21" 44' 

liowry 

Rubidium dextro tartrate, Rb 2 C 4 H 40 , .... 

10 12 

Trail Ijo 

Cffisium doxtro-tartratc, Cs 2 C 4 H 4 () 3 ... . . 

19 0 

» 

Potassium dithionate, K-^SjOfl . . .... 

8 23 

Pa]X5 

Lead dithionate, PbSgOg . 4 H 2 O 

5 32 

M 

Calcium dithionate, CaS208 . 4 H 2 O .... 

2 0 


Strontium dithionate, SrSgOg . 4 H 2 O 

3 23 


Benzil, CgHg . CO . CO . CgH,, 

25 0 

Des Cloizeaux 

Cinnabar, HgS, mo.st powerfully rotatory substance known, 
20 times as great as quartz 

Pyramidal cla.ss (hemirnoridiic-tetartohedral), 
Sodium periodate, NaI 04 • SHjO 

325° for 1 
red light ) 

Class 16. 

23° 18' 

i •• 

von Oroth 


In the cases of the cubic and therefore isotropic crystals of the first 
four substances mentioned in the list, the rotation is the same in all 
directions, the angle only varying with the wave-length of the light and 
the thickness of the plate. The latter may be cut out of the crystal 
in any direction. The crystals of the reifiaining substances in the list, 
all of which are*optically uniaxial, only show the pure phenomenon of 
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rotation of the plane of polarisation in the direction of the optic axis^ 
the plate for investigation being in all cases cut perpendicularly to the 
optic and principal crystallographic axis. For only along this direction 
is there no double refraction to complicate the phenomenon, the crystal 
behaving as if isotropic along this direction of the axis. Hence, all the 
measurements of rotation given in the list, except those for the 4 cubic 
substances, refer to the axial direction. 

The moment the inclination of the plate to the optic axis commences 
to vary from 90° the influence of double refraction begins to be 
manifest. A plate of quartz cut parallel to the axis, in fact, shows 
with light of ordinary intensity no sign of rotatory power, the inter- 
ference phenomena being apparently entirely those due to double 
refraction. Airy, Gouy, and Wiener have shown that as the inclina- 
tion to the axis alters from 90° the circular orbits of the vibrations 
become elliptical, and finally, as parallelism to the axis is attained, 
these become converted into truly linear vibrations. Voigt has shown, 
however, that it is impossible absolutely to extinguish the light when 
very intense, with a plate parallel to the axis. But speaking in 
general terms, and as regards readily observable phenomena, it has 
been clearly demonstrated experimentally by Airy that elliptic vibrations 
are really produced by sections inclined at angles other than 90° to the 
principal axis, and he actually determined the precise dimensions 
of the axes of the ellipse, and the complete form of the vibrations. 
Jamin added to this information knowledge concerning the relative 
retardation of the two series of elliptic vibrations behind one another, 
and Hecht further confirmed the complete agreement of observation 
with theory. Later Croullebois and MacConnel also determined the 
difference of path traversed by the elliptic vibrations. Croullebois 
went so far, indeed, as to render the two elliptically vibrating rays separ- 
ately visible, by means of a double-prism of a similar character to that of 
Fresnel shown in Fig. 785, page 1080, only composed of two simple prisms 
of 82° angle, of right- and left-handed quartz respectively, and cemented 
together by their hypotenuse faces, and with the further difference that 
the rectangular entrance and exit faces were inclined 80° to the optic axis 
instead of being normal thereto. Later work by Brunhes, Beaulard, 
and Voigt, and a masterly analysis of the whole subject by Pockels, 
have resulted in the perfect establishment of these facts, in exact 
accordance with the theory of the superposition of the effects of double 
refraction of the ordinary linear-vibration kind on the phenomena of 
circular polarisation, as the direction of the optic axis of a uniaxial 
crystal is departed from. 

The question of possible optical rotation on the part of biaxial 
CRYSTALS is a very difficult one, as there is no direction of absolute single 
refraction, along which the phenomena can be observed uninfluenced 
by double refraction effects. The two optic axes have been shown in 
Chapter XLI. to be only tjie optic binormal approximations to true 
directions of single refraction for a specific wave-length. The case of 
cane sugar, CJ 2 H 22 O 11 , belonging to the sphenoidal** class 4 of the 
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monoclinic system, has, however, been investigated by Pocklington,^ 
and the dark centres of the hyperbolic brushes marking the two 
optic axes found to exhibit rotation, only becoming black on rotation 
of the analyser from the crossed position, one to the right, that 
perpendicular to the cleavage direction, and the other to the left, 
corresponding, for a plate 1 millimetre thick and for sodium light, to 
p= +2° 12' and p-- 6 ° 24' res})eetively. As tlje optic axes lie in 
the symmetry plane in the case of crystals of cane sugar, it was to be 
expected that their rotations would be unequal. 

Seignette salt, potassium sodium dextro-tartrate, KNaC 4 H 40 g . 4 H 2 O, 
crystallising in the bisphenoidal class of the rhombic system, was also 
investigated by Pocklington, and for sodium light a plate 1 mm. 
thick gave p- -1° 12' for both optic axes, the two being equal in 
accordance with rhombic symmetry. 

Dufet^ lias investigated three other salts also belonging to the 
bisphenoidal class of the rhombic system, namely, Ejisom salts (magnesium 
sulphate), MgSO 4 . 7 H. 2 O, which gave a rotation of p- -}- 2 ° 36' for 
a plate I mm. thick perpendicular to an optic axis ; sodium dihydrogen 
phosphate, NaH 2 P 04 . 2 H. 2 O, which afforded a left rotation of p- -4® 27' ; 
and ammonium Seignette salt, Na(NH 4 )C 4 H 40 g . iHjO, which gave a 
dextro rotation of p = + 1° 33', although its solution is laivo-rotatory. 
Dufet also investigated two monoclinic substances belonging to the 
same heinimorphic (sphenoidal) class as cane sugar, namely, the sugar 
known as rhamnose, and tartaric acid (the ordinary dextro variety), 
(J 4 H^ 0 g. In the case of the latter, the jilane of the optic ^ixes is 
perpendicular to the symmetry plane, and so the rotations along the 
two optic axes are equal; they amount to p--= 33' for Li-light, 

11 ° 24' for Na-light, and 14° 14' for Tl-light. In the case of rhamnose 
the optic axes lie in the symmetry plane, .so that the rotations for the 
two are different, namely, p=-f-12° 54' and p= -j-50° 24'. As this is 
a substance of extremely feeble double refraction the optical rotation 
is very marked. 

Karandeev ^ has more recently investigated the optical rotatory power 
of quercitol, CgH 7 (OH) 5 , a monoclinic sub.stance the crystals of which 
were measured by Lewis. As the optic axes he in the plane of symmetry, 
the two axes exhibit different amounts of rotation. For plates 1 mm. 
thick the respective rotations are -3-5° and -4-6°. The solution 
also rotates the plane of polarisation of light, but to the right. 

From these facts it will be clear that the phenomenon of rotation of 
the plane of polarisation of light extends throughout the eleven cnantio- 
morphous classes of crystal symmetry, in accordance with the rules which 
have been laid down in Chapter IX. page 132. 

1 Phil Mag., 1901, i?, 368. 

2 Journ. de Phys., 1904, 3, 767 ; Evil Soc. Fran, de Min., 1904, :^7, 156. 

* Bull. Acad. Sci., Petrograd, 1916, 9, 1285. 
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THE COLOUR OF CRYSTALS, ABSORPTION OP LIGHT, AND PLEOCHROISM — 
LUMINESCENCE— OPTICAL ANOMALIES 

Many crystals are coloured, and the colour may be due either to minute 
enclosures of foreign matter, when it is said to be “ allochromatic,” or to 
the intrinsic nature of the substance itself when it is termed “ idiochro- 
matic.” Thus the sapphire and ruby are composed of colourless oxide 
of aluminium, AlgOg, equally with corundum, and chemical analysis is 
only just able to detect the traces of ferric oxide or chromic oxide, to 
which the colour is due which renders the ruby and sapphire so valuable 
as gem - stones. When a ruby is examined in plane - polarised light, 
under the polarising microscope to be described in the next chapter 
for instance, with only the polarising Nicol in position, the colour 
appears deep red in one direction, that in whicli the ordinary ray m 
is transmitted, while if examined in a direction permitting only the 
extraordinary ray e to escape the colour appears to be a violet red. 
Likewise the sapphire appears to change colour according to the ray 
extinguished or transmitted, being deep blue when the ordinary ray 
is transmitted and greenish-blue when the extraordinary ray is alone 
allowed to escape. These gems are, therefore, said to be “ dichroic,” 
or pleochroic,” and their dichroism is owing to admixture with a minute 
amount of foreign oxides, modified by the structure of the crystals, which 
renders them doubly fefractive. Allochromatism may be due to two 
classes of impurities, namely, minute enclosures of particles of coloured 
foreign substances, as in the cases of the two coloured varieties of 
corundum just mentioned, or to small quantities of a foreign substance 
in the state of solid solution, as occurs with many crystals of organic 
substances, difficult to purify absolutely, or slightly decomposed by light. 

On the other hand many crystalline substances are coloured in their 
own right, due to absorption of light of certain wave-lengths in its passage 
through the crystal, the beautiful blue crystals of copper sulphate, CUSO4 
. SHgO, for instance ; and if they are birefringent the colour is different 
for the light corresponding to the two rays travelling through the crystal 
with different velocities and vibrating parallel to different directions of 
the crystal, the difference being made particularly manifest when one 
of them is extinguished by a Nicol prism. Tourmalin*^ is an extreme 
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CMC not requiring a Nicol, where one ray (the ordinary) is completely 
absorbed by the crystal itself, permitting only the other (the extraor- 
dmary) wluch vibrates paraUel to the axis of the uniaxial crystal to escape, 
as fully explained in Chapter XXXVIL (p. 807 ). It frequently happens, 
however, that the crystals of a coloured birefringeiit substance show 
different cqjours in different directions, owing to the different selective 
absorption of light, from the gamut of wave-lengths^ presented by the 
visible spectrum, which occurs for the two rays vii)rating perpendicularly 
to each of the different directions of transmission examined, leaving the 
light actually transmitted tinted com])lementarily to the colour chiefly 
absorbed. The subject of the absorption of light by crystals tlierefore 
demands careful attention. 

Absorption of Light by Crystals.— On passing througli a crystal a beam 
of light in general suffers diminution in intensity by absorjftion. If the 
amount be trivial the substance is “ transparent,” but if it be very 
considerable the substance is more or less “opaque.” Moreover, the 
absorption differs with the wave-length of the light vibrations, so that 
the issuing light may be quite differently coloured from the original 
beam (supposing the latter to be not strictly monochromatic), or if the 
latter be composed of ordinary white light the issuing liglit may be 
coloured. Even if the absorption be small, the quality of tbe issuing 
light, although it remains apparently still white, is altered. Again, many 
substances which appear colourless when examined in thin plates exhibit 
colour when more considerable thicknesses are employed. Examined 
spectroscopically, the light from an absorbing substance exhibits absor])- 
tion bands in its spectrum. No solid or licjuid substance is yet known 
which absorbs all but the light corresponding to a sbigle line and wave- 
length in the spectrum ; that is, pure monochromatic light is not yet 
obtainable by merely passing ordinary white light through a crystal or 
other transparent solid, such as glass, or even through any known liquid 
contained in a parallel-sided cell. Screens of coloured glasses, solutions 
of dyes in such cells, coloured gelatine films, and other devices, have 
for long been experimented with, especially by Mr. Sanger Shepherd 
and Dr. Mees, for photographic purposes ; and although some considerable 
success has been achieved in producing screens which ])ermit to pass 
only light of a narrow range of wave-lengths, corres])onding to a fairly 
narrow band in the spectrum, it is still essential, in order to obtain 
absolutely pure monochromatic light, to have recourse to glowing vai)ours, 
metallic vapour-flames, such as those of sodium, lithium, and thallium, 
or of the cadmium or mercury lamp, or to glowing gases in Geissler tubes, 
such as one containing a trace of hydrogen, or of the rare inactive gaseous 
element neon, which latter affords monochromatic yellow light correspond- 
ing to a single predominating line in the spectrum ; or, better still, to 
employ the universally applicable spectroscopic monochromatic illuminator 
described in Chapter XLIV. Absorption spectra are indeed generally com- 
plicated, consisting of numerous dark bands in the continuous spectrum, 
of varying depths of blackness and breadth.* 

It will have been gathered from what has already been said that 
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idiochromatic crystalline substances only afford identical absorption 
phenomena, and therefore equal and similar colour, in all directions 
when the crystals belong to the isotropic cubic system of symmetry. 
In the more frequently occurring cases of doubly refractive uniaxial or 
biaxial crystals the absorption phenomena correspond precisely to the 
symmetry. In general, equal thicknesses of these substancesf taken from 
different direc.tions in the crystals show differences both of brightness and 
of colour, the phenomenon of “ pleochroism ” already mentioned. The 
distribution of absorptive power may, in fact, be represented graphically 
by an ellipsoid of revolution, in the cases of hexagonal, tetragonal, and 
trigonal crystals ; and by an ellipsoid of general form with three unequal 
rectangular axes, in the cases of rhombic, monoclinic, and triclinic crystals. 
This ellipsoid is best termed the “ Absorptive Surface.’’ It is usually 
calculated on the assumption that, if a be the absorption coefficient, the 
ellipsoid is that traced out by lines drawn from the centre of the crystal 


and of lengths [)roportional to 


1 

v/ a 


It was termed by Mallard the 


“ Ellipsoide inverse d’ Absorption.” 

The coefficient of absorption a is afforded by the equation 


i=r e~^\ 


where I is the intensity of the light issuing from the crystal, V is that of 
the incident light, e is the base of Napier’s logarithms, and t is the 
thickness of the crystal. In the case of cubic crystals the elli})soid of absorp- 
tion becomes a sphere of different radius for light of different wave-lengths. 

In the cases of uniaxial crystals it will be clear that the singular axis 
of tetragonal, hexagonal, or trigonal symmetry, which is also the axis 
of the optical velocity or o})ticai indicatrix ellipsoid of revolution, must 
also be the axis of the absorption ellipsoid. In the case of a rhombic 
crystal, the absorption axes are identical with the three rectangular axes 
of the optical ellipsoid, which are also the three crystallographic axes 
a, 6, c. In the case of a monoclinic crystal the axis of symmetry, the 
crystallographic axis h, is bound to be identical with one of the absorption 
axes, but the other two axes of the absorption ellipsoid, while bound to 
lie in the symmetry plane like the two other axes of the ordinary optical 
ellipsoid, may lie anywhere at right angles to each other in that plane, 
and in general are not identical in direction with the two axes of the 
optical ellipsoid. In the case of a triclinic crystal, none of the axes of 
the absorption ellipsoid are, in general, identical with the axes of the 
optical velocity ellipsoid or indicatrix, or with any of the crystallographic 
axes 0 , h, c. 

The mathematical conditions for these absorption ellipsoids have been 
worked out for the different systems by W. Voigt ^ and P. Drude,* and the 
latter has shown that in biaxial crystals there are two axes of equal 
absorption, equivalent to but in general not identical with the optic 
axes as regards direction, although in the rhombic system they also like 

1 Wicd. Ann. der Physik, 1884, 577.^ 

« Wkd. Ann. der Physik, 1887, 3^, 684, and 1890r4<?, 666. 
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Fig. 810.~Secti(>n through the Dlchroscope. 


the latter lie in one of the three symmetry planes, and in the monoclinic 
system either lie in the symmetry plane or in one perpendicular thereto. 

It will have been gathered from what has already been stated that 
two kinds of crystals are to be distinguished as regards absorption of light, 
namely, those which arc only slightly absorptive, and therefore more or 
less transparent, and those which are strongly absorptive. The ordinary 
laws of reflection, transmission, and refraction apply to a large extent to 
the former ; but the latter exhibit remarkable and often uniquely dis- 
tinctive properties, especially that of surface coloration, sheen, and 
metallic lustre, accompanied by more or less opacity, which will be d<*alt 
with later in this chapter. 

Before further develojang this subject of the absorption of light in 
crystals, however, a simple means of investigating it will be described. 

Pleochroism or Dichroism, as it is variously called, may be quite well 
investigated under the 
microscope, using a 
single Nicol. Or it may 
be examined in a man- 
ner which ])laces both 
colours side by side in 
the same field of view, 
by means of the little 
instrument devised by 
Haidinger and known 
as a “dichroscope,” shown diagrammatically in Fig. 810. The dichro- 
scope is essentially a simple form of double-image prism of Iceland 
sfiar. A single rhoml) of the spar S fills the greaOu jiart of the ojitical 
tube T, whi(‘h has a large round ajierture 
at the eye end E and a small square aperture 
A at the otlier end, against which the crystal 
C is to be held. The oblique ends of the 
rhomb are squared with prisms of glass G, 
and immediately in front of the near one is 
])laccd a plano-convex lens L, cahudated to 
focus the square aperture when the rhomb is 
removed. When the latter, however, is in 
position two images of the aperture are 

„ .... afforded, and the length of rhomb and size of 

Fig. 811.— The Conditions obtaining ’ ^ 

In the Dichroscope when the Biiuare aperture are so chosen as lust com- 
Vlbratlon Planes of the Caldte i i. i . i. rru j'l.- 

Rhomb and the Crystal are par pletely to separate them. The conditions 

are shown in Fig. 811, the shaded square 
marked cj occupying a central position in the field, being that due to 
the ordinary rays, while the other, labelled c, represents the image due 
to the extraordinary rays. When the crystal plate is introduced behind 
the rhomb, with the extinction directions parallel to the longer and 
shorter diagonals of the rhomb, co shows a colour due to rays which 
have vibrated in the crystal and in the rhomb in the direction parallel 
to the longer diagonal of the rhomb, and periiendicular to the optic 
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axis and to the principal section containing the optic axis, while € 
exhibits the colours imparted to the rays which have vibrated in the 
crystal and rhomb parallel to the shorter diagonal of the calcite, which 
lies in the principal section containing the optic axis. The colour of each 
square is the residual effect left after light of certain wave-lengths has been 
absorbed within the crystal from the original white light. On, rotation of 
the crystal-plate iq its own plane and about the axis of the dichroscope, 
the tints approach similarity, until at the 45°-po8ition8 they are the 
same ; further rotation again invokes a difference, which becomes a 
maximum when 90° of rotation have been effected, the colours of the 
squares being now interchanged compared with those displayed at first 
for the 0°-po8ition. The maximum difference of colour is thus always 
shown when the vibration directions of the crystal and the rhomb are 
parallel. It is an advantage to see in this manner side by side the two 
colours produced at their maximum difference, for very small degrees of 
dichroism can then be detected which would not perhaps be recognised 
with the polarising microscope. 

Further Facts concerning Absorption. — In the case of a uniaxial crystal, 
a plate cut perpendicular to the axis, which thus transmits rays parallel 
to the axis and vibrating perpendicularly in all azimuths thereto, always 
shows the two halves of the dichroscope field equally illuminated and 
tinted, as the absorption is equal and similar in all directions perpendicular 
to the axis, including therefore those parallel to the two vibration 
directions of the calcite rhomb of the instrument. The maximum 
absorption occurs either parallel to the axis, and the minimum 
absorption perpendicular thereto, or vice versa. It generally happens 
that a rule first observed by Babinet is followed, namely, that the more 
highly refracted ray (the ordinary or the extraordinary) is absorbed more 
considerably than the other less highly refracted one. So that in the 
case of positive crystals the extraordinary ray is the more absorbed, 
and in negative crystals the ordinary ray. 

The variety of chlorite known as Pennine is an excellent example of 
a very strongly xfieochroic uniaxial crystal. It is a hydrated silicate of 
alumina and magnesia, Si 8 Al 4 Mgi 3 H 2 o 045 , forming, as found at Zermatt, 
large dark green crystals belonging to the ditrigonal scalenohedral class 
21 (calcite class) of the trigonal system. They are usually hexagonal 
plates with the edges bevelled by faces inclined 66|° to the basal plane. 
The basal cleavage is perfect, and cleavage plates, which are thus perpen- 
dicular to the axis, appear emerald green, while plates cut parallel to 
the axis appear brownish red. When one of the latter plates is examined 
in the dichroscope the colour in the patch formed by light vibrating 
perpendicularly to the axis (parallel to the cleavage trace) is bright 
emerald green ; while the other patch, formed by light vibrating parallel 
to the axis (at right angles to the cleavage cracks) is coloured yellowish 
brown or reddish. Thus a single plate of a uniaxial crystal suffices to 
determine the nature of the absorption, with the aid of the dichroscope, 
or even of a single Nicol, of any other means of determining that the 
incident light shall have a known direction of vibration.^ 
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Some crystals of chlorite, doubtless owing to isomorphous replace- 
ment of the magnesia by other heavier oxides, afford cleavage flakes 
exhibiting slightly biaxial characters, with a small optic axial angle; 
and in all cases the double refraction is very feeble indeed, the two 
refractive indices of pennine being nearly identical, a> = 1*577 and € = 
1 *576, an(|^ corresponding to negative sign. So close are these values 
that they are sometimes inverted, the crystals being of feeble positive 
double refraction. While thus the typical pennine variety of chlorite 
appears to be uniaxial, other varieties, as just mentioned, have been 
considered as monoclinic, but with strong pseudo-hexagonal (trigonal) 
character. Indeed, it has been suggested that chlorite may be built up 
of excessively thin biaxial lamellse parallel to the form [lll|. 

Another excellent example of strong pleochroism, and one which is 
unquestionably truly uniaxial, is magnesium platinocyanide, Mg Pt(CN) 4 . 
7 H 2 O. This beautiful salt consists of red tetragonal prisms, which exhibit 
a greenish sheen about the middle exterior parts of the prisms and a 
blue sheen near the terminations.^ When a j)late is ground perpendicular 
to the tetragonal axis, or a natural cleavage plate is taken (the prisms 
cleaving readily perpendicularly to the axis), and held up to the sky, 
preferably with a white cloud as background, one sees, on approaching 
the eye fairly closely, a round violet spot on a vermilion ground. The 
explanation is afforded by the fact that the colour of the light transmitted 
by the crystals is cannine red of different shades according to the direction, 
the shade of the light produced by vibrations perpendicular to the axis 
being more bluish, while that of the light vibrating parallel to the axis 
has less blue with the red. These facts can be confirmed by examining 
a plate ground parallel to the axis, in the dichroscope, the two patches 
of light vibrating respectively parallel and perpendicular to the axis 
being red and violet. If the plate perpendicular to the axis be very thin 
blue predominates in the tint observed, but if the plate be thick practically 
only red is observed. With a suitable medium thickness of plate perpen- 
dicular to the axis, the colour is violet, a mixture of red and blue, near 
the centre of the plate, but passes into red at the edges, as the inclination 
to the axis increases. 

A biaxial crystal is at once distinguished from a uniaxial one, as there 
is no orientation of plate-cutting for which two equally and similarly 
coloured patches are observed on rotating the plate in the dichroscope. 
In order to determine the character of the absorption along all three 
axial directions of the optical and absorption ellipsoid only two plates 
are necessary, cut so as to be perpendicular to two of those axes. A 
plate cut perpendicular to one of the three axes of the ellipsoid, say the 
a axis of the indicatrix, will afford in the two respective patches of the 
field of the dichroscope, when the two axial directions ^ and y lying in 
the plane of the plate coincide with the two vibration directions of the 
calcite, the two colours and intensities of the light vibrating along those 

^ Other platinocyanides also exhibit beautifi^ly coloured “ metallic ” lustre or 
surface sheen, details of which are given on pages 1132 (potassium, ammonium, and 
barium platipocyaKideB) and 1120 (yttrium platinocyanide). 
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p and y directions respectively. Similarly, a second plate perpendicular 
to either ^ or y, say y, will afford the intensities and colours corresponding 
to the two other directions, in the case chosen a and The two plates 
thus afford all three axial colours, that is, the colours of the light waves 
vibrating parallel to the three respective axial directions of the optical 
and absorption ellipsoid ; and in the case of one of the three ^the colour 
is afforded in duplicate. Indeed, the absorption phenomena of biaxial 
crystals are often referred to under the term “ Trichroism,” corresponding 
to the triaxial nature of the ellipsoidal surface of absorption. 

Three of the most strongly pleochroic biaxial substances are cordi- 
erite (often called dichroite), epidote, and glaucophane. 

Cordierite, (MgFe) 4 Al 4 Si 50 jg, the crystals of which are orthorhombic, 
a typical one being represented in Fig. 812, is supposed to owe its colour 
to the solid solution of a minute quantity of 
a foreign substance. When only vibrations 
parallel to the minimum axis a of the optical 
indicatrix, the vertical axis c of the crystal, 
are permitted to be transmitted the colour is 
bright yellow to yellowish brown. When the 
light is vibrating parallel to the intermediate 
axis jS of the indicatrix, the brachydiagonal 
crystal-axis a, it appears bright blue or greyish 
blue. And when the issuing light is vibrating 
parallel to the maximum axis y of the indi- 
catrix, the macrodiagonal crystal-axis h, it 
appears dark blue. These facts will be clear 
from Fig. 812. Hence, when a plate of cor- 
dierite is cut parallel to the basal plane c (001), 
and viewed through the dichroscope, the two extinction directions of the 
plate being arranged parallel to the vibration planes of the calcite rhomb 
of the instrument (the longer and shorter diagonals), the two squares are 
seen to be coloured greyish blue and dark blue respectively. If the plate 
be cut parallel to the brachypinakoid h (010) the squares appear greyish 
blue and yellow ; and if the plate be cut parallel to the macropinakoid 
a (100) the colours are dark blue and yellow. Each plate, therefore, or 
tabular crystal parallel to each of these three primary faces, is dichroic, 
and the whole crystal is trichroic, or, as it is more generally termed, pleo- 
chroic. By ordinary light, without Nicol or dichroscope to determine its 
direction of vibration, the colour transmitted by each of these plates is a 
blending of the two colours seen in the dichroscope, the result being called 
the “ Face Colour ” 

Epidote, Ca 2 Fe.^(Fe 0 H)(Si 04 ) 3 , this formula representing the beautiful 
-- ferruginous variety from the Sulzbachthal in the Tjrrol, crystallises in 
ihonoclinic prisms parallel to the symmetry axis. The crystals are often 
very rich in faces ; a typical specimen showing the more important forms 
is represented in Fig. 813. The crystals appear yellow, brown, and 
green, when the vibration direction of the transmitted light is respectively 
parallel to the a, j8, and y axes of the optical indicatrix, The obtuse 


Yellow 



Fia, 812.— Crystal of Cordierite. 
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bisactrix of the optic axial angle, y, is only 2° 46' from being perjiendicular 
to (100). Some further absorption phenomena exhibited by epidote will 
be referred to in the section, next but one, on Absorption Brushes. 

Glaucophftno, NaAlSi2O0(FeMgCa)SiO3, affords the colours light 
greenish yellow, violet, and ultramarine blue, 
along the three axial directions of the ellip- J 

soid, these Being the colours of the light vibrat- ^ a. fl- 

ing parallel to those respective directions. The 
mineral generally appears of a blue colour, and 
crystallises in the monoclinic system, like epi- 
dote. Just as the first and second median lines 
(the acute and obtuse bisectrices of the optic 
axial angle) lying in the symmetry j)lane are 
dispersed, so the absorption axes of both 
epidote and glaucophane are considerably dis- 
persed for the different wave-lengths of light. 

The dichroism of the microscopic thin plates „ ’ ,,,,,, 

01 crystals m rock sections is readily determined 

by employing a single Nicol, to fix the direction of vibration of the light 
which is being examined. The section is rotated, by rotation of the 
microscope stage, until the extinction positions 90° apart are located by 
use of both Nicols crossed ; the colour of the light can then be observed for 
each of these same positions while one Nicol only is retained in position. 

Absorption Brushes. — Transparent crystals of epidote exhibit a 
remarkable phenomenon, owing to the very strong absorptive properties 
of the mineral. When viewed through a ( 101) or (101 ) face in the direction 
of an optic axis (which is visible in convergent jiolarised light through 
a parallel pair of these faces), what are known as absorption brushes 
are seen, a pair of dark brushes of hyperbolic form directed towards a 
central light spot between them. They are due to the fact that for rays 
very near the optic axis the vibration direction of 
the light, and therefore the absorption, differs 
very greatly. Andalusite from Brazil also shows 
the phenomenon well, through a plate cut per- 
pendicular to one of the two o])tic axes. With 
a plate of either of these minerals, held up to the 
sky and with the eye fairly close, one sees on a 
coloured ground of the natural colour of the plate 
the two dark hyperbolic brushes, as indicated in 
Fig. 814, with a bright diffused spot at the centre 
®''o(EpSto''otAnSiSteI‘™ between them, and traces of a number of con- 
centric rings. 

A similar phenomenon of absorption brushes is also afforded by a 
plate, perpendicular to the axis (which, as already described on page 
1117, may either be one prepared by cutting or a natural cleavage 
plate), of the uniaxial (tetragonal) very strongly absorptive and pleochroic 
substance magnesium platinocyanide, MgPt^CN)^ . lEfi, In this case, 
however, it is necessary to interpose a Nicol between the eye and the 
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plate. It has been shown that the appearance without the Nicol consists 
of the exhibition of a violet colour in the central part of the plate, passing 
into a red colour in the marginal portion. With the Nicol, however, 
the violet disappears along the vibration direction of the Nicol, this 
ordinary colour of the plate, due to the admixture of the blue and red 
ingredients, being extinguished along that direction but permitted to pass 
along the direction at right angles. One sees, therefore, two red hyper- 
bolic absorption brushes on a violet ground. 

A curious and very beautiful case is that of the monoclinic tetra- 
hydrated crystals of strontium nitrate, Sr(N03)2 . 4H2O (not the better 
known cubic, tetrahedral pentagonal dodecahedral, class 28, anhydrous 
salt). When this hydrated salt, known as “ Senarmont’s salt,” from his 
early investigation of it, is crystallised at the temperature of 32° from 
an extract of logwood, it forms purple-red monoclinic crystals with strong 
red and dark violet pleochroism, the dye of the logwood having apparently 
entered into solid solution. A section-plate ground perpendicular to the 
first median line (12° inclined to the vertical axis, in the acute angle j8 
of the crystal axes) affords two double absorption brushes. 

Still more beautiful is the similar case of yttrium platinocyanide, 
Y2(CN)j2Pt3.21H20, which forms rhombic bipyramidal (holohedral) 
crystals of a bright cherry red colour and possessing strong pleochroism. 
A section-plate ground perpendicular to the first median line, the axis 
c, or a cleavage plate (the cleavage being parallel to c (001)), exhibits four 
hyperbolic absorption brushes, and the optic axial angle is so small 
(2E = 27° 8', with very strong dispersion) that the four brushes appear 
as four red sectors, between which the ordinary colour of these basal 
plates shows itself as a violet cross. The absorption brushes are always 
perpendicular to the plane of the optic axes, 6 (010), and their middle 
points indicate the positions of the optic axes, so that this is a case in 
which the optic axes can be located without the use of a polariscope. 
According to Konig,^ for light vibrating parallel to the vertical axis the 
crystals, especially when thin, are almost colourless, but for light vibrating 
perpendicularly to the vertical axis the crystal appears either bright red, 
golden yellow, bright green, or colourless, according to direction and 
circumstance, so remarkable are the absorption colour phenomena of 
this extraordinary substance. These facts, indeed, together with its 
external colour properties— for the basal plane, which usually largely 
predominates, appears bright crimson coloured, while the crystals exhibit 
a bright green surface colour on the prism and pyramid faces — ^justify 
the conclusion that this salt probably stands unique for its magnificent 
display of chromatic phenomena. 

Radially arranged crystal-bundle aggregates, when pleochroic, also 
give rise to brush phenomena. A plate composed of numerous radially 
arranged uniaxial crystals, for instance, the length of the acicular crystals 
being parallel to the optic axis, affords the phenomenon. It may be 
imitated by causing a pleochroic crystal to rotate so rapidly as to produce 
the effect of a radial bundle^ On regarding either the plate preparation 
^ Wiedemann's Ann, d, Phys., 1883, 19, 49b 
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or the single rotating crystal through a Nicol, or on placing the Nicol 
before the object, a cross is perceived, just as when two Nicols are employed 
as usual, but the two arms of the cross parallel to the vibration direction 
of the Nicol appear in the colour proper to the extraordinary ray, while 
the two other arms of the cross at right angles to the vibration direction 
of the Nicol exhibit the colour characteristic of the ordinary ray of the 
pleochroic*uniaxial substance employed. 

Surface Colours. — Ordinary white light reflected from most solids, 
whether they be coloured or not, is still white. But in a few exceptional 
cases it is more or less coloured. Some metals are well known cases, 
gold and copper for instance ; for a white object is reflected with a reddish 
colour from a polished copper plate, and with a yellow colour from a gold 
one. Other cases are crystals of non-metallic substances endowed with 
metallic lustre, and especially those reflecting a “ sheen ” or display of 
different colour from different faces. The platinocyanides of metals, 
and many of the aniline dye compounds, are examples of crystallised 
substances reflecting such remarkable varieties of surface colours or sheens. 
It is doubtless due to more or less 2)enetration of the light rays within 
the crystal structure, and selective absorption there, while a portion of 
the light is transmitted, the substance being transparent to light of certain 
wave-lengths only. The surface colour is, indeed, complementary to the 
natural colour of the crystal, and as this natural colour, which is due to 
the transmitted light, varies with the direction in pleochroic crystals, 
the surface colour must also vary according to the direction of the light 
vibrations. In the case of a uniaxial crystal the surface colour is the 
same on all faces parallel to the axis, but different on faces inclined thereto, 
compared with the colour on the prism faces just referred to ; and the 
colours dis^flayed by different individual faces of this inclined type may 
differ when the faces belong to different forms. The maximum difference 
of surface colour is in general that between the prismatic faces parallel to 
and the basal pinakoid faces i)erpendicular to the axis. 

Magnesium platinocyanide, MgPt(CN)4 . THgO, tetragonal, is an 
excellent example concerning which it has already been shown that the 
natural faces or ground and polished surfaces parallel to the tetragonal 
axis exhibit by reflected light a green sheen or surface colour, and the 
basal plane a violet colour ; while the colour of the crystals by transmitted 
light is carmine-red for the extraordinary ray and violet-blue for the 
ordinary ray. 

Thus these substances exhibiting surface colour appear to possess 
the power of preferentially selecting certain rays for reflection. A striking 
illustration is to dissolve a small quantity of one of the well-crystallising 
aniline dyes in alcohol and to pour a little out over a glass plate. On 
evaporation of the alcohol the thin film of the crystallised substance 
deposited on the plate appears one colour by the reflected light and quite 
another colour when the plate is held up and looked through. In the 
case of fuchsine, for instance, the appearance by transmitted light is 
rose-carmine, while it is bright green by » reflected light. Moreover, a 
film of gold or qf copper may be obtained sufl&ciently thin to transmit 
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some light, and this is of quite a different tint (dark red) to the surface 
reflection colour already alluded to. 

Hence the light transmitted through such substances as exhibit 
surface colour reflection is deficient from two causes : first, by the loss 
from surface reflection, and, secondly, by loss in the interior of the crystal 
structure from absorption. As regards the light reflected, this consists 
of three portions, one of which is reflected under the ordinary law of 
reflection and is plane- polarised more or less according as the angle of 
incidence approaches that for maximum polarisation ; it is accompanied 
by the second, which Preston terms an abnormal portion, that which has 
been selectively refused admission by the particular crystallised substance 
showing surface colour from which it is reflected. This portion appears 
not to be plane-polarised according to Drude,^ but to a considerable 
extent, although not completely, polarised elliptically. The third portion 
of light turned back fiom entering the substance to any considerable 
distance is that which is scattered in the ordinary manner, by the 
inequalities of the surface, and by reason of which the eye really perceives 
the object ; this part has just penetrated far enough to be affected by the 
selective absorption of the substance. This third portion is greatly 
reduced by giving the plate surface a high degree of polish, or using a 
freshly prepared cleavage plate. It is the mixture of all these three 
varieties of reflected light which produces the actual tint observed, the 
surface colour. This colour will change when a Nicol is interpolated 
between the object and the eye, largely by reason of the extinction of the 
true surface reflection, and by the effect of direction of vibration on the 
scattered portion which has also suffered some selective absorption. 
The elliptical polarisation of the abnormal selectively refused portion 
must, if it occur, have also its due effect as the Nicol is rotated. It is 
'most marked with very strongly absorptive substances, such as metals, 
and the mineral crystals exhibiting metallic lustre, such as galena and 
antimony glance. As example of such change on interposing a Nicol, 
the fuchsine dye already referred to as appearing rose-coloured by trans- 
mitted and green by reflected light appears bright peacock blue when 
examined through a Nicol. 

It is interesting that when the surface colour of a uniaxial crystal is 
examined with the dichroscope, it is found that when the plate employed 
is one cut perpendicular to the axis the two squares appear similarly 
and equally coloured and illuminated ; whereas if the plate be one cut 
parallel to the singular axis the two patches are differently coloured an^ 
illuminated. Hence this light, which has penetrated somewhat into the 
crystal structure, has been converted (except when the plate is exactly 
perpendicular to the axis) into two oppositely polarised and unequally 
absorbed rays, similarly to the transmitted portion. This phenomenon, 
of course, is superposed on the ordinary surface reflection dealt with on 
page 805 of Chapter XXXVII., for which the reflection surface is respon- 
sible, and with regard to which polished glass serves as well as a crystal 

1 Wied. Ann., 1887, 32, 623 ; V888, 34, 489 ; 1890, 39, 637. See also F. Pockela, 
Lehrbuch der Krystalloplik, 1906, p. 430-436. ,, 
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surface. This additional phenomenon has to do essentially with light 
waves which have to a greater or lesser extent penetrated inside the 
crystal structure and been influenced thereby. 

Drude (loc. dt.) has investigated several strongly absorptive metals 
from this point of view, including some which crystallise in doubly refractive 
crystal systems as well as those crystallising in the cubic isotropic system. 
He has determined their refractive indices and absorption coefficients 
from their surface reflection, as prisms and plates are not sufficiently 
transparent for direct refraction determinations. Very high refractive 
indices were obtained for the cubic-crystallising metals — ^lead, platinum, 
and iron. 

In addition he has studied two minerals possessing in a high degree 
the so-called “metallic lustre,” and it is interesting that the highest 
refractive indices yet known were found to be afforded by these two com- 
pounds, the cubic galena, sulphide of lead, PbS, and the optically biaxial 
(rhombic hololiedral) antimony glance, stibnite, Sb 2 S 3 . For this latter 
substance, which is of more interest as being the only case fully investi- 
gated of a non-isotropic substance showing strong “ metallic ” absorption, 
the two refractive indices investigated each exhibited a maximum in the 
green near F and a minimum near the red end of the spectrum, the 
actual values of the two maxima being 5’53 and 4’62, the double 
refraction being thus 1*01. Both the absolute values of the refractive 
indices and the strength of the double refraction are the highest values 
yet obtained for these constants for any known substances. The observa- 
tions were much facilitated by the fact that it is easy to obtain freshly 
cleaved plates of the substance parallel to (010). The refractive index of 
the isotropic galena was found for sodium light to be 4*30, employing a 
very perfect natural-cleavage face. As illustrating the effect of surface 
perfection, another crystal artificially polished afforded only the value 
2*96. Combined with these high indices very low absorptive power was 
found. The cubic metals proved to have the following refractive indices : 
iron 2 '36, platinum 2*06, lead 2*01, nickel 1*79, copper 0-64, gold 0*37, 
and silver 0*18. It will be observed that very low refractive indices were 
obtained for cubic silver and gold, in fact so low as to be less than unity, 
namely, 0'18 to 0*37. That means that the velocity of light vibration 
in these two noble metals is actually greater than it is in vacuous space. 
Together with this low refractive index, however, these metals also possess 
enormous absorptive power. This interesting fact has been since con- 
firmed by Kundt, from experiments with thin films of the metals ; the 
films were so excessively thin that he was enabled to work directly with the 
transmitted light, and thus to study the complementary phenomena to 
that experimented with by Drude. 

Determination of Absorption of Light by Crystals —The determination 
of the absorption coefficient, and the quantitative proof of its dependence 
on the direction of transmission or vibration of the light rays, the quali- 
tative proof of which is afforded by the dichroscope, requires an apparatus 
which combines a spectroscope with a photometer for comparing the 
intensities of the two light patches. The two beams are separated by 
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double refraction as in the dichroscope, and are composed of light 
polarised at right angles ; they arc also arranged to be of equal intensity. 
The introduction of the absorbent crystal-plate then disturbs the equality 
of intensity, which is, however, restored again by rotation, for the 
necessary amount, of a Nicol polariser or analyser. There are two types 
of apparatus, of which the spectrophotometer of Gian and^the micro- 
photometer of Kqnigsberger are characteristic examples which will be 
now described. 


Spectrophotometer of Gian. — Any efficient spectrometer will serve as the basis of 
this instrument, and the one shown in Fig. 815 is the Fuesa No. 2a goniometer, 



Fig. 816.— The Qian Spectrophotometer. 

suitably modified for the special object in view. In this, and the succeeding sectional 
figure 816, c is the collimator, p the 60°-prism, and t the telescope. 

In front of the objective of the collimator c a double-image prism r is mounted. It 
may be either of the Rochon type, which is in some ways preferable, and which gives 
an extraordinary image rotating about the ordinary one, or of the Wollaston type, 
which gives double the separation of the two sots of rays and furnishes two images 
rotating about a common centre, as fully described in Chapter XL. page 856. This 
double-image prism r is followed by a Nicol prism n provided with a large rotating 
circle c'. The slit s of the collimator, shown enlarged in the inset of Fig. 816 in order 
the more clearly to elucidate these essential details, is divided into an upper and a 
lower half by an opaque bar, and thus appears as two rectangular strips, A and B in 
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Fig. 817, when the double-image prism is removed. Each half is doubled, however, 
by the double -image prism when the latter is in position, the two images of each pair 
being rectangularly polarised and arranged to be above each other, as indicated in 



Fig. 817 at Ae, Aa», and Be, Bw, 
the ordinary ray image Aw of A 
being brought next to the extra- 
ordinary image Be of B. These 
four images are broadened out by 
the dispersion of the BO^-prism 
into four spectra almost in contact 
one above the other, as seen 
through the telescope t. The two 
outer ones are screened off by an 
iris diaphragm, so that only the 
two middle ones, corresponding to 
Aw and Bf, are visible. A second 
slit a', devised by Vierordt, is 
placed at the common focal plane 
of the objective and eyepiece of 
the telescope, and this slit is ad- 
justable for its 2 ) 08 ition in the 
focal plane like a micrometer 
spider-line, and also for its open- 
ing. This enables the observer to 
select any part of the spectrum 
exclusively for examination at 
a time. The whole apparatus 
as constructed by Fuess is shown 



Fig. 810.— Section of Gian Spectrophotometer, FiQ. 817. 

and Enlarged View of the Slit. 


in Fig. 815, and a section through the optical tubes and prism, with an enlarged inset 
of the first slit, in Fig. 816. 

In using the instrument the zero is first foundf by observing that position of the 
Nicol for which thalione of the two spectra is extinguished, the vibrations of which are 
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parallel to the slit. The Nicol is then rotated for an angle a to that position for which 
the two spectra are of equal intensity, this angle being usually in the neighbourhood 
of 46®. In order to determine the absorption of a crystal-plate, the latter is placed 
in front of one of the halves of the slit ; it will then be found necessary, in order to 
restore the balance of intensity of the spectra, to rotate the Nicol for an angle 
(counting from the zero). When the plate is one of a singly refractive crystal it may 
be arranged at any azimuth to the slit ; but when a birefringent crystal is under 
investigation, it must be arranged so that one of its extinction directions is parallel 
to the slit, and the observations must subsequently be repeated with the other 
extinction direction similarly adjusted. 

If Aa and Ab are the coefficients of reduction of intensity by passage of the two sets 
of rays through the apparatus, coefficients depending on the apparatus itself and deter- 
mined experimentally, and if L and are the two actually observed intensities, then : 

Aa sin* a = Ab cos* a, or , ~=tan* a, 

Aa 

and Ia Aa sin* p = I„ A„ cos® p, 

when the Vierordt slit is used to compare equal portions of the two spectra. 
Hence, 

LA 1 

f = cot* p, or ^ =tan® a cot* p. 

In Aa 1h 

This latter equation thus at once gives the ratio of the two intensities, from the 
data of the two observed angles a and 

KOnigsbergeris Microphotometer, shown in Fig. 818, is essentially a low-power 
polarising microscope in which the polarising Nicol prism is replaced by a double-image 
prism of calcite a, or a simple rhomb of adequate thickness of the mineral to afford the 
required separation of the images of two apertures employed. 

Behind the double-image prism or rhomb is a diaphragm pierced by the two rect- 
angular apertures. Four images of the latter are thus produced, and are so disposed, 
by suitable adjustment of the size of aperture and its distance from the double -image 
prism, that the extraordinary image of one aperture is partially superposed over the 
ordinary image of the other opening, the other two outer images being screened off 
by an iris diaphragm in the optical tube. The latter has an objective b of 3^ inches 
(9 cm.) focus, an eyepiece c, and a fixed Nicol d. It is mounted in an adjustable 
manner which permits of its arrangement truly perpendicular to the calcite double- 
image prism. Either before or behind the objective comes a double quartz plate e, 
showing Savart’s bands in feebly convergent light. A quartz plate cut parallel to the 
axis shows in convergent polarised light at 46° to the vibration planes of the Nicols, 
a series of hyperbolic curves, alternately dark and bright in monochromatic light but 
spectrum -coloured in white light, which have been illustrated in Fig. 699 (page 931) 
and which become narrower and sharper the thicker the plate ; but beyond a certain 
thickness the coloured hyperbolas in white light become fainter, and finally disappear 
for a very thick plate. The Nicols may be either crossed or parallel, the dark hyperbolic 
bands merely exchanging places with the bright interspaces. Two such plates superposed 
with their axes arranged perpendicularly afford more strongly coloured hyperbolas in 
white light. When a plate of quartz is cut, however, at 46° to the axis the curves 
become approximately straight lines, and two such plates arranged with their principal 
section planes perpendicular to each other give straight lines, coloured in white light, 
' but dark in monochromatic light, which bisect the angle between the principal sections. 
These are known as “ Savart’s bands,” and have been illustrated in Fig. 701 (page 931). 
Such a compound quartz-plate acts as a very delicate test for the presence of 
polarisation, however feeble. It is quite adequate, in fact, to detect the polarisation 
of the light of the sky. The twd plates of which the compound plate is composed 
should be the two halves of one and the same plate originally prepared, in order to 
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seoare identical thickness of the two crossed plates. The sensibility of Savart’s bands 
increases, moreover, as the plane of polarisation of the incident light, that of a polaris- 
ing Nicol, for instance, in front of which the compound plate is held, approaches the 
bisector of the angle between the principal sections of the two plates, that is, the 
direction of the bands themselves. The Savart’s bands disappear when the two 
superposed images of KSnigsberger’s microphotometer, composed of ordinary and 
extraordinaiy rays respectively, vibrating perpendicularly to each other, are of abso- 
lutely equal intensity. Hence, to begin with, the light fipm the two orifices is 
equalised 90 that the bands are invisible. The moment one aperture is covered with 
the crystal-plate under investigation, which deranges the equality, the bands reappear. 
The absorption by the crystal is determined by the amount of weakening required by 
the light proceeding from the other aperture, in order to cause the bands to disappear 
again, and which is effected by means of a rotating Nicol prism /, provided with a 



Fig. 818. — Konigsberger’s Mlcropiiotometer. 


large divided circle g, which is operated as in Gian’s photometer. Monochromatic 
light is required for the observations, which is furnished very satisfactorily by the 
spectroscopic monochromatic illuminator described in Chapter XLIV. 

Pleochroic Haloes. — The examination of certain pleochroic and even 
some colourless minerals, especially under the microscope, has frequently 
revealed rounded spots of deeper colour than that of the mineral crystal 
in which they appear, and always more strongly pleochroic. The spots 
usually surround a microscopic inclusion. Such “ pleochroic haloes,” as 
they have been termed, were first observed by H. Rosenbusch in cor- 
dierite, andalusite, mica, and diopside. They were subsequently observed 
by Michel Levy, Traube, Cohen, and others, in biotite mica, tourmaline, 
and augite. It was further observed by Mfehel Levy that they were asso- 
ciated with certain specific mineral, inclusions particularly with zircon 
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in mica, allanite (a silicate of the epidote group) in the biotite variety of 
paica, dumortierite (AlgSigOjg) in cordierite, and also with apatite, rutile, 
and cassiterite in the state of microscopic inclusion in other minerals. 

These pleochroic haloes have given rise to much fruitless speculation. 
They were for long considered to be of organic origin, due to the local 
concentration of carbonaceous pigment, as it was found that Jieat often 
dissipated them to ^ large extent, the supposition being that the carbon 
became oxidised. This was not general, however, as others could only 
be removed by prolonged treatment with hydrochloric acid. It was then 
assumed that they were due to oxide of iron. The optical properties of 
that portion of the containing crystal which they occupy are altered by 
the presence of the halo ; in a cordierite examined by Wiilfing, for instance, 
a change of one-tenth was observed in the double refraction. 

With the discovery of the phenomenon of radio-activity, however, 
light has been thrown on this interesting subject of pleochroic haloes, and 
there is no longer any doubt that they are due to the ionising effect of 
the disintegration products of the radio-active elements thorium, radium, 
and uranium, and their isotopes or emanations (see Chapter XXXV.). 
The subject has been investigated in detail by J. Joly,^ who has examined 
various micas from the Vosges, County Carlow, Ireland, and other localities, 
haloes of all types and in all stages of development having been found in 
them. The County Carlow micas were frequently found to be “ dusted ” 
over with black nuclear spots surrounded by haloes, the delicate rings 
interlacing and overlapping in all directions. Fig. 819 is a repro- 
duction of drawings by Joly, retaining his numbering of the separate 
haloes, and shows the appearance of a number of these haloes under the 
microscope, the magnification being about 480 diameters. Fig. 1 (Joly’s 
numbering) represents the first stage of a uranium halo, and Fig. 2 
the second stage, showing rings 1, 2, 3, and 4. Figs. 3 and 4 show other 
uranium haloes in their third and fourth stages. Fig. 5 shows a uranium 
halo reversed by the action of heat. For it appears that those haloes which 
Rre not dissipated by heat are altered in this manner, which Joly terms 
reversal, and the process is akin to the well-known reversal effect met 
with in photography. Fig. 6 represents the first stage of a halo produced 
by the radium emanation. Figs. 7, 8, and 9 represent the first three stages 
in the development of a thorium halo. As a rule, the course of development 
is the same for both uranium and thorium haloes, but occasional differences 
are met with. They are almost always found to have been generated 
along a crack or vein. Their nucleus is in most cases zircon, and in others 
uraninite. This nucleus has the power of absorbing or occluding the 
emanation, and thus becomes a centre of radiation of the a-rays which 
accompany the emanation, 

Pleochroic haloes are thus the result of the ionising effects of the 
a-rays (positively electrified helium-atom nuclei) proceeding from a central 
nucleus in which the radio-active substance, the emanation from radium, 
uranium, or thorium, is concentrated. The rays move along the radii 
of a sphere having the nucleus for its centre, diverging like rays of light 
1 Phil. Trans,, A, 1918, 217, 51. • 
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effect observed is not a simple one of gradual shading off, but one con- 
sisting in the development of a spherical shell of special action, the section 
being a ring, at a certain distance from the centre. The curve of energy, 
in fact, shows that several such shells may be produced, the section by 
the plate which cuts through them being a series of corresponding rings. 
For rock sections of ordinary thinness, and cleavage flakes of njica, include 
only a part of the total halo-sphere, perhaps one-third or a quarter of it. 

Thus Joly concludes that the succession of shells, represented in section 
by concentric rings, represents the power or intensity of ionisation, the 
successive rings exhibiting different shades or densities of colour. In 
the first stage we have a delicate ring, which then becomes darker inside, 
forming a dark central pupil ; then an outer ring is formed, the develop- 
ment of the shells and rings being just what would be expected from the 
curve, of ionisation. The thorium haloes generally show at first two 
delicate concentric rings, the area within the inner one being more or 
less darkened ; occasionally a third ring is formed, the radius of this 
outer ring being in one case, which was measured, 0'022 millimetres. The 
third stage often obliterates the inner rings and forms a deeply stained 
pupil. The extreme magnitude observed by Joly in the case of these 
haloes was a radius of 0*028 mm. The total result is the sum of the effects 
of all the a-rays concerned in the genesis of the halo. Every feature 
corresponds to the features of the integral curve of ionisation proper 
to the family of radio-active elements concerned, the relative spacing of 
the rings and their intensities being exactly paralleled by the features of 
the curve. The haloes agree, moreover, with the additive law of Bragg 
regarding the stopping power of mica, as determined for the same kind of 
mica as that in which the haloes were observed. 

Although much more work requires still to be done concerning pleo- 
chroic haloes, there can be no doubt that Joly has arrived at a correct 
explanation. The nature of the chemical processes brought about in 
the ionisation, which give rise to the colours and darkenings, has still 
to be determined, and besides information concerning this aspect of the 
haloes it is probable that future research with them will throw additional 
light on the nature of radio-activity itself, and of the ages and approximate 
date of formation of the crystalline minerals in which they are found. 

Luminescence. — Luminescence is the term applied to the phenomenon 
of light emitted by cold bodies, as distinguished from the ordinary light 
usually produced by raising the temperature of a body so as to effect 
either glowing without chemical action, or combustion with chemical 
action. Raising a ^olid to a temperature of about 400° C. usually causes 
dull red glowing, assuming no chemical action to occur ; a white heat is 
produced about 1000° C., and the most brilliant artificial light, that of 
the electric arc between carbon poles, is produced at a temperature not 
exceeding 3500° C. The better known luminescent phenomena are those 
of fluorescence and phosphorescence, but many other forms are known, 
some of which are of crystallographic importance, and it will be best to 
consider them in consecutive order, with reference to their origin and 
nature, under group headings. # 
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Chemical LumineBcence.—An excellent example of the production of light at the 
ordinary temperature by slow chemical action is afforded by the case of phosphorus, 
slowly oxidising in moist air or oxygen, probably to phosphorous oxide PiOj or 
(with the water vapour) phosphorous acid P{OH)a, or of P.Og, further to phosphoric 
oxide P 4 O 10 or phosphoric acid. The glow is of a pale greenish-white character. The 
light emitted by the glow-worm, and by the fire-fly, as well as that given forth by 
marine organjpms, by decaying fish, and decaying vegetable matter, especially fungi, 
is probably in all cases of chemical origin, and in most is connepted with the presence 
of phosphorus in some form or other. 

The phosphorescence of the sea is due largely to myriads of excessively minute 
infusoria, the chief of which is the Noctiluca ntiliaris. But many medusae, star-fish, 
molluscs, nereidae, crustaceans, and certain species of fishes, are also endowed with 
the ability to produce phosphorescence of the sea, and many of these creatures possess 
a controlling power, enabling them to emit the light or to shut it off at will. The 
source of the light in the case of medusae, especially Aurelia phosphorica, appears to 
be a viscous liquid which was isolated by Spallanzani and found to contain phosphorus, 
which is also well-known to be a prominent constituent of fishes, phosphoretted 
hydrogen being the gas to which the intolerable odour of decaying fish is due. 

Besides the occasional emission of light by decaying wood and vegetable matter, 
certain fungi and raycelia, one of which has been observed in dark cavities on Dart- 
moor, also appear to possess the property of glowing in the dark during growth. The 
Agaricus Oardneri of Brazil gives out a light of a pale greenish tint, similar to that of 
fire-flies ; and other species of agaricus in Australia are described as emitting a 
phosphorescent light strong enough to read by. 

The phosphorescence of the element phosphorus is undoubtedly due to oxidation. 
From the garlic odour which accompanies the pale greenish -white light it is clear that 
P 40 e is concerned as a product of the oxidation occurring at the ordinary temperature, 
and the glow is due to the further oxidation of the vapour of this oxide to P 4 O 10 .* 
Ozone is also produced during this oxidation. The glow ceases in inert gases such as 
nitrogen or carbon dioxide, and in air it ceases if the air be compressed, or if ozone 
destroyers, such as turpentine vapour, be admitted. In oxygen the temperature re- 
quires to bo at least 15°, unless the oxygen bo diluted or its pressure reduced. 

It has also been shown by H. Ebert and B. Hoffmann ® that very carefully purified 
phosphoric oxide P 40 io phosphoresces with a green light after strong illumination. 
This is quite distinct from the pale greenish-white chemical luminescence just referred 
to, due to the oxidation of P 40 fl and possibly phosphorus itself in minute quantity. 
The green phosphorescence of P 40 ,q becomes stronger as the temperature is reduced, 
until in a liquid-air bath at - 180° C. it affords a brilliant display of bright green light. 
It is noteworthy that this phosphorescence is given by the pure substance, for extra- 
ordinary precautions were taken to render the P 4 O 10 absolutely pure. 

Phosphorescence and Fluorescence. — Phosphorescence is the luminosity of the kind 
exhibited by the various preparations of calcium, strontium, and barium sulphides, 
CaS, SrS, and BaS, such as Canton’s “ phosphorus,” Balmain’s luminous paint, and 
Bologna stone, a fibrous variety of barytes BaS 04 reduced to BaS by heating with 
charcoal. An object coated with one of the luminous paints, after exposure for one 
minute to the light from an electric arc, will exhibit a brilliant blue phosphorescence 
for several minutes, and the luminosity is persistent in a lesser degree for many hours 
or even days and weeks. The most effective are the more actinic blue and violet 
rays, and especially the ultra-violet rays, the red end of the spectrum being ineffective. 
Hence, the curve of chemical actinism and photographic action is practically also 

^ This may be the Polyporus annosus, which has also been found i)ho 8 phorescing 
in the Glamorganshire coal mines. 

* See Thorpe and Tutton, Journ. Chem. Soc,, 1890, 57. 646 for isolation and pro- 
perties of P 4 O 4 (oxidktion 669). * Zeitschr. filr phys. Chem., 1900, 3i, 80. 
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that for effective action in promoting phosphorescence. This important fact would 
appear to render it reasonable to suppose that chemical or physico-chemical action, 
or chemical molecular change, is again the cause of this phenomenon. 

Red and orange light rays exert a destructive effect on phosphorescence, 
promptly extinguishing it. This remarkable fact was observed long ago by Goethe, 
and is referred to in his Farbenlehre. 

The colour of the luminescence is characteristic of the particular si^bstance, and 
independent of the colour of the exciting light, except that, as a rule (not absolute 
as formerly supposed), the emitted phosphorescent waves are longer and of lower 
refrangibility than the exciting ones. With the aid of the phosphoroscope of 
Becquerel, which enables the time period to be determined, it has been found that 
calcspar glows with an orange-coloured light for one-third of a second after exposure 
to greenish-blue F-light. According to Nichols ^ the property is due to calcium oxide 
impurity. A ruby omits a brilliant rose tint for one-twentieth of a second, and a 
sapphire behaves similarly* although not so brilliantly. The case of ruby is remarkable, 
for green light is converted into red phosphorescence, and the crystal itself is also red 
in the ordinary sense. Uranyl nitrate, U 02 (N 03 ) 2 . 6 H 2 O, emits a green phosphor- 
escence for the one-hundredth part of a second, after exposure to violet G-light. 
It is an interesting fact as regards uranyl nitrate, that Nichols and Merritt ® have 
shown that the throe different known hydrated salts with bHjO, BHoO, and 2 H 2 () 
afford quite different fluorescent spectra, the absorption bands being as different as 
if they were uranyl salts of three different acids. This indicates clearly that the water 
of crystallisation is a true part of the crystal structure. It also indicates that fluor- 
escent spectra are duo ,to vibrations which occur in the outer parts of the molecule. 
Diamond (some diamonds, not all) exhibits a blue ])ho 3 phoroscenco for a very small 
fraction of a second, and the glow then changes its colour to yellow. The green 
variety of fluorspar, CaF 2 , known as chlorophane, omits first blue light, then orange, 
and subsequently green light. The beautiful salts, the platinocyanides of barium, mag- 
nesium, potassium, and ammonium, shine for the minute time of about the one three- 
thousandth of a second, with a great variety of colour tints. The exquisite dichroic 
crystals of these salts of platinocyanhydric acid, H 2 Pt(CN) 4 , have the composition 
BaPt(CN) 4 . 4 H 20 , MgPt(CN) 4 . 7 H 20 , K 2 Pt(CN) 4 . 3 H 20 , and (NH^laPtCCJN)^ . H 2 O. 
The barium salt consists of monoclinio prisms which appear green in the direc- 
tion of the prism axis, and yellow with a bluish-violet sheen in directions at right 
angles to the prism axis. The magnesium salt consists of red tetragonal prisms 
with greenish sheen on the middle of the prism and blue near the terminations. The 
potassium salt forms yellow rhombic prisms, which appear blue along the direction 
of the prism axis. The ammonium salt forms white needles, but another ammonium 
salt is also occasionally obtained in yellow prisms containing 2 H 2 O, which are also 
dichroic. The barium salt is the most readily prepared, hydrocyanic acid HCN being 
led through a solution of platinous chloride PtClj in which barium carbonate BaCOs 
is suspended, as long as carbon dioxide is evolved, the solution being then set to 
crystallise. The magnesium salt is obtained by decomposing the solution of the 
barium salt with a solution of Epsom salts MgS 04 • THjQ.' 

The ordinary sulphide of strontium, SrS, phosphoresces persistently green how- 
ever long it continues to phosphoresce. A second variety of this substance, however, 
quite distinct from the ordinary variety, phosphoresces violet, and if slowly warmed up 
to 200“ gradually and continuously changes tint, being blue at 40“, green at 70°, yellow 
at 100°, and orange at 200° C., so that the colour is here dependent on the temperature. 

Fluorescence is the name given by Sir George Stokes to the similar phenomenon 
which was exhibited by the “ Blue John ” variety of Derbyshire fluorspar, of emitting 
from its surface a green light during, and not after, its exposure to violet light or 
^ 

1 Phys. Eev., 1918, 12, 361. » 


Phys. Rcr.,«l917, 9, 113. 
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ultra-violet rays. This non-persistent luminescence is also exhibited by uranium 
glass, quinine crystals, the platinocyanides, eosin, and many other coal-tar 

products. It is also exhibited by many liquids, particularly by solutions of quinine (in 
dilute sulphuric acid H2SO4, nitric acid HNO3, phosphoric acid H3PO4, or acetic acid 
C2H4O2, but not in hydrochloric acid HCl), chlorophyll, and the Wutiful substance 
fluorescein. The most remarkable characteristic of fluorescence is that it is best 
excited by uHra -violet raya,^ invisible to the eye. These rays of very short wave- 
length and high refrangibility are thus instantaneously converted into visible 
light rays of longer wave-lengths and lower refrangibility. For instance, when 
such ultra-violet rays, or even the rays from the electric lantern filtered through 
several plates of deep violet glass, are passed through a dilute solution of quinine in 
either sulphuric, nitric, phosphoric, or acetic acid, the liquid glows with a magnificent 
blue fluorescence, and the incident beam has been deprived almost completely of its 
ultra-violet rays. Under the same circumstances (but in dilute alkali solution) fluor- 
escein, C20H12O5, an orange-coloured coal-tar dye, fluoresces with a brilliant green light. 
Its tetra-bromo derivative cosin, ('2oU8l^r40r.» ^ scarlet dye, fluoresces with an orange 
light, and the more brilliantly when the solution is dilute. Chlorophyll, the green 
colouring-matter of the leaves of plants, fluoresces with a dee]) red colour. 

Generally speaking, as already mentioned, both fluorescence and phosphorescence 
are excited by waves of higher refrangibility and shorter wave-length than those of 
the glow emitted. But it is not safe to assume this to be an absolute rule, for 
some dyes of high absorptive power fluoresce with a more refrangible light than that 
of the incident rays ; for instance, naphthalene red emits a brilliant orange light 
when excited by light filtered through a ruby-red glass permitting only red and orange 
rays to pass, and spectroscojiic examination of the orange fluorescence shows it to 
comprise both green and yellow rays as well as orange. Nichols and Merritt have 
shown that absorption and fluorescence are not related as a .simple resonance, 
and that the position of maximum fluoresecnce is independent of the exciting light, 
BO that the latter may even be on the red side of the fluorescent maximum. The 
fluorescence may be produced by any wave-length included in the absorption band, 
even if it happen to be longer than those emitted. 

Thus the only distinction between fluore.scence and phosjihoresconce is that the 
former is merely transient, occurring only so long as the exciting rays operate ; whereas 
phosphorescence persists for a longer or shorter time after the exciting cause is removed. 
Fluorescence, however, occurs with many liquids, whereas purely physical phosphor- 
escence is not known in the case of any liquids, the only phosphorescent liquids being 
those containing phosphorus, which are cases of chemical luminescence. Border-line 
cases are the platinocyanides of magnesium, barium, potassium, and ammonium, 
their brilliant phosjihorescence occurring for so short a time, e.stimated as above 
stated at one three-thousandth of a second, after the .shutting off of the exciting light. 
The beautiful case of fluorescent green uranium glass is that of a dilute solid solution 
of uranium glass in ordinary glass, for when the percentage of uranium is at all con- 
siderable, the glass being then a dark green, no fluorescence is observed. 

It has indeed been stated that no pure substance phosphoresces, and that the 
phenomenon is essentially a property of diluted matter. Thus the late Sir William 
Crookes found that samaria (oxide of the rare element samarium) phosphoresced 
until by fractionation it was eventually got pure, when the glow suddenly ceased. 

^ A B.wctroscope provided with a complete quartz train of lenses and prisms is 
best U8'»d for work with violet and ultra-violet rays, as glass stops (absorbs) most of 
the ultra-violet rays, whereas quartz is singularly transparent to them. Such a train 
of quartz enables the fluorescent liquid to be tested in all the colours of the spectrum, 
and beyond it, and it is found with quinine that the maximum fluorescence occurs 
when the Uquid is placed in the violet part, antf that it is almost as biilliant just 
beyond the visible tpectrum in the invisible ultra-violet. 
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On the other hand, it has been stated that pure specimens of the sulphides of zinc 
and magnesiuRi have been observed to phosphoresce, although some doubts have been 
expressed as to the perfection of the purity of these samples. As it -is the hexagonal 
variety of ZnS only which phosphoresces, this may be quite true. For the action of 
the violet light waves is probably to cause a small amount of conversion to the more 
stable cubic variety of ZnS, so that the case is still essentially one also of dilution. 
Moreover, it has been shown by MacDougall, Stewart, and Wright ^ that amorphous 
precipitated ZnS (action of ammonium sulphide on solution of a zinc salt) exhibits no 
phosphorescence, heat being necessary to produce this condition. Thus, ZnS pro- 
duced by deflagration of molecular quantities of zinc and sulphur is phosphorescent, 
and the best product of all is precipitated ZnS which has subsequently been heated 
(best in hydrogen) to 650°-900° C. for IJ hours (not more), this product being micro- 
crystalline. Specimens prepared at 650° give a blue phosphorescence, and those 
prepared at higher temperatures give greens and yellows. While pure ZnS is truly 
phosphorescent, a small quantity, even a trace, of common salt or zinc chloride 
admixture increases the brightness. Phosphorescence of ZnS is thus a function of the 
crystalline structure, and of the hexagonal variety which occurs naturally as wurtzite ; 
for it is well known that the hexagonal crystalline variety is produced by heating 
precipitated zinc sulphide in a current of hydrogen. The greater brightness of the 
phosphorescence of the microcrystallino form than that of larger crystals is probably 
merely due to the greater extent of surface exposed. But when ground to powder in a 
mortar the power of the phosphorescence is reduced, so that there is a lower as well as 
higher limit to the size of the crystals. The discovery already alluded to, that pure 
phosphoric oxide P 4 O 10 phosphoresces with a green light, affords further confirmation 
that, at any rate some, pure substances do phosphoresce. 

Wiedemann has suggested that phosphorescence is more or less persistent chemical 
luminescence, a kind of partial electrolysis into ions which, however, do not remain 
separate but gradually recombine with emission of light. In support, the fact is 
quoted that all known phosphorescent substances are bad conductors of electricity, 
Dewar has shown, moreover, that at very low temperatures, such as that of liquid 
oxygen, many substances which are not luminescent at ordinary temperatures, such 
as paper, vegetable matter, ivory, etc., become persistently strongly luminescent. 
Ozone, moreover, when rushing into an exhausted receiver, becomes phosphorescent. 
Oxygen and sulphur dioxide, and many other gases to a less extent, phosphoresce 
brilliantly in vacuum tubes during the passage of the secondary electric discharge 
from a Ruhmkorff coil. 

It is thus now generally agreed that fluorescence and phosphorescence are essentially 
the same, only differing in the relative velocity of absorption and emission. When 
the velocity of emission of enei^y is equal to or greater than that of the absorption 
of energy, fluorescence occurs ; but if the velocity of the emission be slower than 
that of absorption phosphorescence takes place, that is, persistence of the emission 
occurs for an appreciable time after the exciting cause has been removed. In some 
cases the velocity of emission is very small and the absorbed energy remains stored 
up in the substance for a very long time. It may, however, be released by heating 
the substance, when it is given forth as thermoluminescence. 

Thermoluminescence.— Two well-known minerals, the green variety of fluorspar, 
ohlorophane, CaFj, and scheelite, tungstate of calcium, CaWOilbipyramidal tetragonal), 
.^nd also a third substance, wurtzite, the hexagonal variety of sulphide of zinc, ZnS, 
shine in the dark when heated. The phenomenon is sometimes termed “caloresc- 
ence.” Natural crystals of wurtzite are rare, but atrtificially prepared ZnS generally 
takes this hexagonal form, and is used largely for phosphorescent work, and in the 
radium spinthariscope of Sir William Crookes (Fig. 693 on page 763), and generally for 

* Joum. Ghem. Soc., 1917, 111, 663. «» 
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radium screen phosphorescence. Excellent tabular and prismatic hexa|[onal crystals 
were obtained by Deville and Troost by sublimation of ZnS in hydrogen, and by other 
methods both the plates and the prisms have been obtained well developed by 
Hautefeuille, Mourlot, Forstner, Traube, Lorenz, and Sidot. The class to which the 
crystals belong is the dihexagonal pyramidal, class 26. Lorenz’s crystals exhibited 
clear polar hemimorphism. Calorescence is well shown when a few fragments of any 
one of these numerals are thrown on a hot shovel in a dark room, the pieces glowing as 
brightly as glow-worms. In the case of fluorspar the light continues to be emitted 
for hours, provided the heating be maintained. But eventually, in all cases, the light 
dies away. It can be restored, however, by exposure to light, or to the electric brush 
or spark discharge, or to the cathode rays in vacuo ; in the case of fluorspar exposure 
to X-rays also restores its calorescence. 

Two remarkable and somewhat exceptional cases are arsenious oxide, As40e, and 
quinine, CjoHgiNaOa. In the case of arsenious oxide, the thermoluminesccnce only 
occurs when the temperature is raised to a particular point, slightly below that of 
volatilisation, when a sudden brilliant flash is emitted. Quinine is remarkable in 
exhibiting a good display of luminescence on cooling, but none on heating. 

The iJeculiar case of sulphide of strontium, SrS, studied by Becquerel, has already 
been mentioned. This substance affords an orange phosphorescence at 200° C., 
and as the temperature falls the colour pa.sses through yellow, green, and blue until 
it is violet at the ordinary temperature, and deep violet at -20°. 

Triboluminescence. — It has long been known that certain crystallised solids 
become luminous when subjected to friction. The best known are sugar (saccharose, 
cane sugar, monoclinic sphenoidal), uranyl nitrate U02(N03)2 . 6HjO, and 

some diamonds. One liquid, pcntadecyl-paratolyl-ketone, has also been observed 
to exhibit the phenomenon, to which the name triboluminescence has been given. 
In the case of sugar it is well seen when the crystals are crushed in the dark, light 
being freely emitted. The green crystals (rhombic bipyramidal) of uranyl nitrate 
were shown by Herschel in 1899 to exhibit yellowish -green triboluminescence on active 
rubbing. It is curious that only certain specimens of the diamond, and by no means 
every diamond, become luminous when rubbed in the dark, a fact which was observed 
by Boyle. It would appear as if the original author of the story of Aladdin’s Lamp 
in the Arabian Nights' Entertainments were aware of the phenomenon, as ho ascribes 
to friction the power of calling forth the marvellous properties of the wonderful lamp. 

Zinc sulphide, precipitated from a solution containing some sodium chloride 
and a salt of manganese, and afterwards heated to 650° C., in order to render it micro- 
crystalline (hexagonal variety), shines with an orange tint when cold and exposed 
to a bright light in the ordinary manner for provoking phosphorescence. The blue 
phosphorescence of pure ZnS, or ZnS mixed with a little NaCl, is thus altered by the 
presence of the manganese to golden orange. This product containing manganese 
is also most strikingly triboluminescent. 

Crystalloluminescence. — ^This name is given to the phenomenon of light emission 
displayed by certain substances on crystallising, from solution or the liquid state. 
Arsenious oxide, As40fl, is the best known example, when it crystallises in octahedra 
from a hot labile-supersaturated solution of 2-3 parts of the amorphous oxide in 
12 parts boiling concentrated hydrochloric acid. Light is emitted, a flash followed 
by more or less continuous luminosity readily visible in a darkened room occurring 
as each crystal is formed. It is curious, however, that recrystallisation is unaccom- 
panied by any such crystalloluminescence. Potassium sulphate from aqueous 
solution is another instance, and water when rapidly frozen has also been observed 
to display the phenomenon. Four interesting cases described in 1918 by Weiser^ 
are those of the chlorides of sodium and potassium and the bromide and iodide of 




^ Journ. Phys. CAem., 1918, 22, 480. 
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potassium, when precipitated from aqueous solution by hydrochloric acid. The 
bromide and iodide of sodium do not exhibit the phenomenon. Rapid stirring increases 
the effect. The light from sodium chloride is bluish-white. 

From a survey of the literature, and experiments with arsenic oxide and potassium 
sulphate, Weiser concludes that both crystalloluminescence and triboluminescence 
are caused by chemical action. In the case of the substances which show both 
phenomena the colour of the luminescence, and probably therefore^ the chemical 
reaction occurring, are identical. While a considerable number of substances show 
triboluminescence, a comparative few exhibit the property of crystalloluminescence, 
and they are chiefly simple inorganic substances. He considers that crystallo- 
luminesconce is due to the rapid reformation of molecules hitherto broken up by 
electrolytic dissociation, and that triboluminescence of the same substance is due to 
the rapid re-formation of molecules previously broken up by the violent disruption 
of the crystals during the rubbing friction. It appears to bo a fact, moreover, 
that all crystalloluminesoent substances exhibit also the property of tribolumineso- 
ence ; but the reverse is not true. Owing to the conditions of crystallisation 
a state of strain is often produced in crystals, a very notable example being the 
diamond (see page 1143 and Fig. 820). If outside force bo applied to such crystals 
before the lapse of adequate time has resulted in the attainment of internal mechanical 
equilibrium, a particularly violent disruption of the crystal occurs, with molecular 
decomposition and the development of triboluminescence. 

Lyoluminesceuce. — This is a complementary phenomenon to crystalloluminescence, 
observed by Wiedemann, which occurs when the subchlorides of sodium and lithium 
are dissolved in water. Chloride of sodium or lithium is placed in a vacuum tube 
and subjected to cathode rays, when chlorine is evolved and the substance becomes 
orange or bluish coloured. When this coloured product, which was considered by 
Wiedemann to be subchloridc of the metal employed, is thrown into water light is 
emitted. 

ElectrolumineBcence. — An interesting link between frictional luminescence and 
electroluminescence is afforded by the case of mica. When a largo tabular crystal 
of mica is split into sheets in the dark, or an ordinary sheet of mica is split into two 
thinner ones, flashes of light are emitted, and the sheets are found to be electrified. 

Electroluminescence proper, however, is that which is stimulated by an electric 
discharge. The effluve from a highly electrified point, the brightly coloured light pro- 
duced at the place on a solid where it is struck by a spark discharge, and the bright 
glow produced in the well-known Oeissler vacuum tubes when the secondary discharge 
from a Ruhmkorff coil is passed through them, are all instances of the phenomenon. 
Practically all the phosphorescent and fluorescent substances referred to in the 
preceding sections become electroluminescent, under the influence of the electric 
discharge in the rarefied gases enclosed within a so-called vacuum tube. The colour 
of the light emitted by hexagonal zinc sulphide ZnS, for instance, is green or blue, 
according to the purity and perfection of the vacuum. The brilliant phenomena 
exhibited by Geissler tubes containing different gases under very much reduced 
pressure, including the famous Gassiot cascade display, are frequently referred to 
as oases of “ effluvioluminescence,” The phenomena afforded at the positive and 
negative poles respectively are considerably different, and the discharges from the 
negative or cathode in high vacuo are far more interesting than those from the positive 
pole or anode. Hittorf first observed the phenomena, but it is to Sir William Crookes 
^ that we owe their detailed study, and an account of his work, which eventually led to 
the discovery of the X-rays by Rontgen, has been given on pages 768 to 761. Working 
in very high vacua of about one-millionth of an atmosphere, the cathode discharges 
were found to be propagated in straight lines from the cathode plate, throwing shadows 
on the walls of the tube of anjf object placed in their path, and causing brilliant 
luminescence of the tube walls other than where the shadow isethrown ; the glow is 
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coloured bright yellowish-green in the case of soda-glass tubes, and pale blue if lead 
glass be employed for the material of the tube. If a diamond, ruby, or sapphire bo 
included within the tube in the path of the cathode rays the crystal shines out brilliantly 
with its own colour luminescence. Moreover, if a concave cathode plate be employed 
the rays may be focussed on any object, when the latter is raised so highly in tem- 
perature as usually to be fused, even platinum thus melting. The cathode rays can 
be deflected by a magnet, but they are stopped by the thinnest layer of a non-conductor 
such as a film of mica or glass. They possess a certain amoun^ of penetrative power, 
however, through conducting substances. 

We now know, as has been made clear on page 758 in the introductory chapter 
(XXXV.) to Part III., that the cathode rays consist of projected negative electrons, 
/3-rays, and that as the secondary effect of their striking the inclined platinum anode 
(anticathode) plate or the glass-tube walls X-rays are generated and projected in all 
directions outside the tube, as glass is pervious to the cKceedingly short waves of the 
X-rays. The effect of the cathode rays in stimulating electroluminescence is immense, 
no less than 140,000 times as great as that of sunlight, according to Wiedemann. 

Some remarkable curiosities are observed in connection with the phenomenon. 
Heavy flint glass, consisting of borate or phosphate of lead, is photoluminesoent, 
that is, excited by light-waves, but not cathodoluminescent ; while ordinary lead 
glass, silicate of lead, is both, the photoluminosity being green and the cathodo- 
glow blue. Crown glass affords a green photoluminescence, but a greenish -yellow 
cathodoluminosity. Moreover, the cathodoluminescent rays from emeralds, 
sapphires, and jacinths are polarised, but not those from diamonds, tourmalines, or 
topazes. 

X-ray Luminescence. — This is the luminosity displayed by substances when 
exposed to X-rays. Barium platinocyanide, Bart(CN) 4 . 4HaO, is the best example, 
and is the substance chiefly used on the screens employed in X-ray medical examina- 
tions, The excessively minute wave-lengths of X-ray vibrations enable them to 
pass freely through many substances— aluminium and flesh, for instance— but they are 
arrested by others to a greater or less extent, such as lead and bones. A shadow of 
the bones of the hand or other part of the human body is consequently thrown on the 
screen coated with barium platinocyanide, when the part of the body concerned is 
placed in the path of the X-rays and in front of the screen. The imporviousness of 
lead to X-rays is made valuable use of in protecting, by means of leaden screens, 
the bodies of X-ray operators from the severely injurious action of the rays. Instead 
of the screen of platinocyanide of barium a sensitised photographic film or plate is 
found to act admirably in affording a permanent record of the shadow ; for on develop- 
ment in tlie ordinary photographic manner a negative of the shadow is obtained. So 
familiar are we now with these X-radiograms, as obtained in the hospitals, that more 
need not be said, except to remark in passing what a magnificent boon this advance 
in pure science has proved in the Great War, in enabling injuries to the bon^s, and 
the presence of rifle and machine-gun bullets, shrapnel, shell fragments, etc., in the 
bodies of wounded soldiers to be diagnosed and located with absolute precision, and 
thus to enable the surgeons in a vast majority of cases to operate rapidly with certainty 
of success and a minimum of shock to the system. The result has been the saving 
of innumerable valuab.e and heroic lives. 

We now know— thanks to the fact thatthe space-lattice structure of the assemblages 
of atoms in crystals acts as a space-grating for X-rays, reflecting and diffracting 
them because of the similarity in order of dimensions of atoms and X-ray wave- 
lengths— that the X-rays are vibrations of very minute wave-length ; indeed they 
form a continuation in the direction of attenuation, after a very considerable interval 
of as yet unknown types of vibration, of the ultra-violet vibrations just beyond the 
more refrangible end of the light spectrum which are so effective in provoking 
phosphorescence. Moreover, the actual wave-lengths of many specific, “ monochro- 
voL. n 2 ® 
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matio/’ X-radiations have been accurately determined by means of crystals of which 
the space-lattice structural dimensions have first been absolutely ascertained. 

The card-screens covered with a layer of platinocyanide of barium or potassium 
used in X-ray medical examinations owe their use to the similar action which X-rays 
exert, in stimulating the luminescence of either of these beautiful salts, to that exerted 
by ultra-violet waves and violet light rays. The light emitted under X-ray stimulation 
by the barium salt, which is generally used, is pale yellow, and that given forth by 
the potassium salt is bluish. The colour is due to the particular metallic base present. 
For we are dealing in these cases with vibrations provoked in the metallic constituent 
atoms of the salts, another proof of the fact that the X-rays can directly affect the 
atoms, the dimensions of the exciting vibrations being of the same order as the size 
of the atoms. The X-rays are clearly vibrations derived by the impact of the negative 
electrons, projected as cathode rays, against the anticathode plate or the walls of the 
Crookes vacuum tube. The ^-rays projected from radium are similar in nature to 
the cathode rays, consisting also of negative electrons ; and the 7 -rays, secondarily 
derived from them by their impact against solid matter, are similar to X-rays. 

The fluorescence or phosphorescence exhibited by inorganic salts when subjected 
to bombardment by high-speed cathode rays is characterised by the emission of the 
series lines of the metal present, and the energy required to produce the effect in salts 
of the same metal increases with the heat of formation of the salt. 

Calcium tungstate CaWO«, the natural form of which is the tetragonal bipyramidal 
(class 12 ) mineral scheelite (sec Fig. 166, page 203), is also now coming into use for 
X-ray screens. The characteristic X-radiation from silver and platinum has been 
found most effective with such screens. It has been shown by P. Roubertie and 
A. Nemirorsky ^ that the tungstates of the magnesium group, especially cadmium 
tungstate, also become brightly luminescent under the action of X-rays. Moreover, 
they are not deteriorated, like barium platinocyanide, by prolonged action of the 
X-rays, and the luminosity is white, affording very sharp radiograms. 

The phosphorescence of the hexagonal variety of zinc sulpWde ZnS can also be 
excited by X-rays. A luminous paint, comprising zinc sulphide, ZnS (presumably 
the hexagonal variety, artificially prepared or natural wurtzite), and about 0‘2 
to 0-3 milligram of radium per gramme of ZnS, has come into extensive use during the 
war for watches and compasses for night-flying, and for the dials of other instruments 
employed in connection with aircraft. The luminescence is due to the bombardment 
of the zinc sulphide by the a-rays emitted by the radium. The medium used to fix 
the preparation on the surface coated is also effective in so far protecting the zinc 
sulphide from the a-rays as to prolong its life considerably for phosphorescent purposes ; 
so that the decay of luminosity which is usually observed occurs only one quarter as 
rapidly as when the preparation is used without medium, in which latter case the life 
is about 200 days. 

Bombardment of certain minerals by the /3- and y-rays from radium produces 
remarkable coloration, as well as phosphorescent phenomena. Fluorspar is particularly 
strongly affected. Thus, a colourless fluorspar from Matlock in Derbyshire, after 
one day’s exposure to fifty milligrams of radium, became deep blue coloured. This 
colour was permanent in the dark, but was discharged by sunshine or gentle heating, 
after which exposure to radium again effected the blue coloration. The colour stains 
the whole crystal and is not merely superficial, so is probably due to the y-rays. It 
is supposed that they effect dissociation of minute foreign enclosures, and the subse- 
quent fluorescence is due to the recombination of the products of dissociation. (See 
also section on Pleochroic Haloes, earlier in this chapter.) 

Fluorescent screens of barium platinocyanide have been employed during the 
Great War for secret night signalling to an observation post. The post and the 

^ Comptes rendus, 1919, 169^ 233. 
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Bignalling station were each provided with a special form of telescope, which acted in 
the two respective cases as receiver and transmitter of the signals. Each optical 
instrument had an objective lens of three inches diameter and twelve inches focus, 
and an ordinary eyepiece. The transmitter was fitted at the common focus of eye- 
piece and objective with a specially constructed 6-volt electric lamp with coiled-up 
filament ; and the receiver was fitted instead with the fluorescent screen of barium 
platinocyanide. The transmitting telescope was directed at the observation post 
with the aid of the eyepiece, which enabled the officer signalling to see the jwst ; a 
relatively narrow beam of light issuing from the objective when the lamp was switched 
on was thus directed at the post. 

For signalling by day the light was filtered at its exit from the telescope through 
a deep red glass screen, and by night through another combination glass screen which 
enabled only ultra-violet rays to pass, all visible light rays being cut out. It was 
found possible to see the red day signals through the receiving telescope in the ordinary 
way, the red beam not being prominent enough to attract the enemy’s notice ; and 
at night the totally invisible ultra-violet rays were received on the fluorescent screen 
in the receiving telescope, this screen lighting up most brilliantly when the signalling 
officer sent out the ultra-violet signal. The instrument was fully effective over a 
range of six miles. 

A somewhat similar device involving the use of fluorescent barium platinocyanide 
was used for naval convoy work at night. The receiver consisted of the objective 
lens, the barium platinocyanide screen the full diameter of the telescope tube, and 
an eyepiece mounted on a metal strip across the end of the optical tube, so that the 
observer could see round it when the fluorescent spot appeared anywhere on the 
screen ; he could then bring the spot to the centre by the adjustments provided for 
the telescope, and observe with the eyepiece. The transmitter was a Cooper-Hewitt 
mercury lamp, surrounded by a chimney of ultra-violet glass, which only transmits 
the light corresponding to the one mercury line of wave-length 0’0003660 mm., which 
is well outside the visible spectrum. Signals from tliis lamp can be picked up by the 
fluorescent screen of the receiver when the latter is as much as four miles away, and 
the device proved invaluable for enabling the ships of a convoy to be maintained in 
their proper stations with respect to one another at night, when steaming full speed 
with all lights out, without the least indication to any enemy prowling about in the 
neighbourhood. 

It is a curious physiological fact that this ultra-violet lamp is visible to the eye at 
close quarters owing to fluorescence of the retina of the eye itself ; and the field of 
vision appears filled with a haze known as ** lavender fog,” owing to fluorescence of 
the crystalline lens of the eye. The observer’s teeth also fluoresce, unless they happen 
to be artificial, when they appear black. 


Special Points concerning the Luminescence of Crsrstals. — The light 
emitted during the phosphorescence or fluorescence of isotropic crystals 
is not polarised, even although polarised light be employed to provoke 
the luminescence. In the case of doubly refractive crystals the lumin- 
osity is partially polarised, not, however, with respect to the plane of 
incidence but with respect to the crystal symmetry. Grailich first 
observed this fact is his study of the platinocyanides. Later, Maskelyne 
observed the fact also in his study of the phosphorescence of emerald, 
sapphire, and cassiterite excited by the cathode rays in a number of 
Crookes tubes, some of Sir William Crookes’ original tubes having been em- 
ployed. Not only does the intensity but algo the colour vary with the 
direction, in accordance with the symmetry of the crystal. Hence, it is 
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quite correct to refer to pleochroic fluorescence. The phenomena are much 
complicated if the crystal be also an ordinarily dichroic one, and account 
has then to be taken of such original dichroism in observing and recording 
the fluorescent dichroism. In consequence of the difficulty of properly 
doing so, most of the researches on this branch of the subject have been 
carried out with non-dichroic substances. The chief of these investigations 
were those of Sohncke.^ Some of the results are as follows : 

Calcite, even in the cases of the clearest Iceland spar, was found to 
exhibit the orange or bright red fluorescence already referred to, and 
which would appear to be due to minute enclosures of calcium oxide. 
The greater bulk of the light was found to be composed of vibrations 
parallel to the optic axis, and when the exciting light was composed of 
such vibrations the maximum fluorescent eflect was produced. 

Apatite showed fluorescence which was composed predominatingly of 
vibrations perpendicular to the optic axis. 

Beryl exhibited dichroic fluorescence, the vibrations parallel to the 
hexagonal axis being blue, and those perpendicular to the axis reddish 
violet. A few specimens, however, were found to exhibit the reverse 
colours. The intensity of the two components was not appreciabl y different 
and each was best provoked by exciting vibrations parallel to these same 
directions. 

Phosgenite, PbCOg + PbClj, afforded an exceptional result. For in- 
cident vibrations parallel to the tetragonal axis provoked predominating 
fluorescent vibrations perpendicular to the axis, and vice versa. The 
fluorescent emission vibrating perpendicular to the axis was in this case 
the stronger one. 

Topaz afforded fluorescent vibrations only in the plane of the optic 
axes, and the most intensive were parallel to the first median line, the 
acute bisectrix of the optic axial angle. 

Aragonite yielded fluorescent vibrations which were feeblest parallel 
to the first median line, and strongest perpendicular to the optic axial 
plane. When polarised exciting light was employed, the maximum 
effect was produced when the vibrations were perpendicular to the optic 
axial plane of the crystal. 

Cerussite, PbCOg, rhombic holohedral, behaved analogously to phos- 
genite, the component of the fluorescence parallel to the exciting vibiations 
being the minimum and not the maximum as regards intensity. 

Cane sugar, saccharose, behaved like aragonite. 

A highly interesting series of observations have been made by Poc- 
chettino * on the action of the cathode rays on different faces of a crystal. 
The cathodic fluorescence or phosphorescence is notably chiefly a surface 
action, and thus the character of the crystal face becomes of importance. 
In most cases the fluorescent light proved to be polarised, but by excep- 
tion calcite, corundum, anglesite, orthoclase, tourmaline, and topaz 
emitted only non-polarised light. In the case of uniaxial crystals the 
light from the basal plane proved always to be unpolarised, while that 

» Wied. Ann., 1896, 68, 417 ; ier. der Bayer. Alad., math.-phyg. Kl, 1896, 26, 1. 

» Bend. Accad. Uneei, 1904, 13, 301, and 1906, H, 220. 
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from the other faces was generally polarised ; in the cases of anatase, zircon, 
beryl, and wulfenite the direction of the vibrations was parallel to the 
axis, while it was perpendicular thereto in the cases of apatite, scheelite, 
and phosgenite. Curiously enough, the inclination of the crystal face to 
the bundle of cathode rays was immaterial. 

Pocchetjjino also found that glass in a state of strain, such as exhibits 
the well-known polarisation phenomena, also exhibits polarised fluores- 
cence vibrations under the influence of cathode rays. He further showed 
that the fluorescence of the platinocyanides in X-rays, and also in the 
radio-activity y-rays from radium, is largely composed of polarised 
vibrations. 

Lomniel ^ had found as early as 1879 that in the case of magnesium 
platinocyanide, which it will be remembered crystallises in tetragonal 
prisms, that the colour emitted changed with the angle of vibration of the 
exciting light, relatively to the tetragonal axis of the crystal. Sunlight 
filtered through a screen of blue and violet glass plates, and directed on 
the basal plane perpendicular to the tetragonal axis, provoked a scarlet 
fluorescence, whatever were the vibration direction of the polarised incident 
light. If the light fell on a face parallel to the axis, however, a dichroic 
fluorescence was produced, which was orange-yellow or scarlet-red according 
as the exciting light was vibrating parallel or perpendicular to the axis of 
the crystal. The green surface colour of the crystals disappears in violet 
light. The same two colours of the dichroic fluorescence are naturally 
observed when, instead of polarising the incident light, the light issuing 
from the crystal is examined through a Nicol prism, the plane of vibra- 
tion of which is first parallel to and afterwards perpendicular to the axis. 

Voigt has suggested^ a theory of fluorescence which explains the 
undoubted influence in many proved cases of small amounts of admixed 
impurities, or the presence of a second kind of molecule, and which is 
in accordance with the idea of dilution generally acce])ted as underlying 
the phenomenon. He imagines that the electronic vibrations which 
are occurring in fluorescence are caused by the conversion (Umwandlung) 
of one kind of molecule into another, and that one kind may be present 
in bulk while the other kind need only be present to an almost infinitesimal 
extent, admixed with and largely diluted by the other, as it were. An 
excellent example is that of hexagonal zinc sulphide, the phosphorescence 
of which is excited by the j3-rays ejected by radium, this being a distinct 
phenomenon to the flash produced momentarily by the a-rays, helium 
atoms, without their two negative electrons, discharged from radium. 
According to Voigt direct proof has been obtained of the conversion of a 
small quantity of the sulphide into the ordinary cubic form of zinc blende, 
as a result of the action of these electronic /S-rays. 

J. Perrin ^ has shown that the expulsion of an electron from an atom 
is accompanied by fluorescence, and that the reintegration of the electron 
in the atom (its return to the atom) is accompanied by phosphorescence, 
and this latter is persistent in the case of solids, and is facilitated by 

1 Wied. Awn.. 1879, 8, 6.34. * Arch. Ncerland, 1901, p. 325. 

• » Ann. de Physique, 1918 fix.], 10, 133. 
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agencies such as heat which diminish the rigidity of the solid, becoming 
then thermoluminescence. 

Fluorescence of Active Nitrogen. — A remarkable kind of fluorescence accompanied 
by a change of chemical properties of the element has been discovered and investigated 
by Prof. The Hon. R. J. Strutt ^ (now Lord Rayleigh) in the case of gaseous nitrogen. 
By the action of the electric discharge, from the secondary circuit o^* a Ruhmkorfif 
coil with Leyden jar, condenser, on nitrogen under very reduced pressure passing 
through a vacuum tube, the gas is rendered capable of reacting with hydrocarbons, 
mercury vapour, and other gaseous substances, and at the same time glows with a 
bright yellow luminescence for some time after its withdrawal from the Geissler tube. 
When the ordinary high tension discharge, unaided by a jar condenser, is passed 
through nitrogen at the usual low pressure of a vacuum tube, the latter exhibits first, 
nearest the cathode, the Crookes dark space ; next comes the blue negative glow, 
gradually falling off to the Faraday dark space, after which there comes the red 
positive glow extending right up to the anode. When these different portions of 
the discharge are separately tested, the region of the blue negative glow, especially 
the part nearest the cathode, is found to be by far the most effective in producing this 
active form of nitrogen and its yellow luminescence. When a T^yden jar is added to 
the secondary circuit the action is more intense and the blue glow greatly extended ; 
the production of the active nitrogen is therefore greatly increased. If, now, the 
nitrogen be not allowed to remain in the Geissler discharge tube, but is drawn off 
into and through a second larger tube, both wider and much longer (a yard or more 
in length), the whole of this second tube is filled with a brilliant yellow glow, which 
persists for several minutes after the current is switched off. No electric discharge 
passes in this second tube, and the gas takes a considerable time to pass through it ; 
the pressure is maintained at only a very few millimetres of mercury, and only 2^ 
litres per hour of nitrogen need be used. The brilliant yellow glow is maintained so 
long os the discharge passes, and for several minutes after it is switched off. 

If, now, acetylene gas bo admitted to the second tube action immediately occurs 
between the nitrogen and the hydrocarbon, with complete alteration of the colour 
of the luminescence to lilac-purple, although as is well known, ordinary nitrogen is 
quite inert. The substance produced is hydrocyanic (Prussic) acid HCN, by direct 
union of the two gases. But under the conditions of the reaction there is some 
dissociation, and the lilac glow is due to cyanogen, C^Na, the spectrum of which is 
given by the glow, both spectrum and glow resembling those of the cyanogen flame 
as seen when the gas is burnt at a jet in the ordinary preparation of cyanogen. The 
hydrocyanic acid can actually be isolated in a receptacle connected with the long tube, 
by freezing out with liquid air contained in a thermos tube surrounding the little 
receptacle. Or it can be drawn through a solution of sodium hydroxide, and the latter 
tested for the Prussian blue reaction by the addition of a mixed solution of a ferrous 
and a ferric salt, and acidifying. 

Mercury reacts with this active nitrogen, either as liquid in the cold or when 
vaporised by warming in contact with the contents of the long second tube ; in 
each ease a nitride is produced, which on the addition of water affords ammonia, 
which yields the usual teat reaction with Nessler’s solution. The yellow glow becomes 
green and the mercury, if in the cold, becomes foul. Both the vapour and the foul 
substance, the nitride, give strong indications of ammonia with Nessler’s solution. 

Most hydrocarbon gases and vapours react similarly to acetylene, but neither 
oxygen nor hydrogen react directly as gases with the active nitrogen. The behaviour 
towards oxygen is, however, remarkable. A small quantity, only the part 

1 Proc. Roy. Soc., A, 1913, 88, 639; Ber, der Deutsch. Chem. Oee., 1914, 47, 2283; 
Chem. 8oc. Annual Report, 1914, 49. *• 
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of the nitrogen present, renders pure pitrogen, which only glows faintly, brilliantly 
luminescent with the yellow glow ; but two per cent, of oxygen destroys the glow 
absolutely. The purest nitrogen obtained, prepared by heating nitrogen from Uquid 
air to 300° C. over sodium, still glowed, although not so strongly as the gas before 
purification by sodium, showing that traces of impurities do assist the glow, and 
presumably the formation of the active variety of nitrogen. This fact would appear 
to be akin the well-known one brought to light by Prof. Breieton Baker con- 
cerning gaseous reactions, that a minute trace of water vapour materially assists, 
and may be indispensable, in these reactions. It also appears to be related to the 
fact already mentioned in this section on Luminescence, that the phosphorescence 
of hexagonal zinc sulphide is rendered more brilliant by the admixture with a small 
quantity of a chloride impurity such as common salt. 


Optical Anomalies.—Anomalous optical behaviour, that is, the display 
of optical phenomena not in accordance with the crystal symmetry as 
indicated by the goniometrical investigation, assuming the results of the 
latter to be definite and unequivocal, is not an infrequent occurrence, and 
may be due to any one of several possible causes. The phenomenon 
of pseudo-symmetry, dealt with in Chapter LV., is not now alluded 
to, a phenomenon which consists in the display of optical properties 
corresponding to a higher system of symmetry than that really pos- 
sessed by the substance, due to sub-microscopic parallel lamellar twinning. 
The chief cause of the anomalous optical behaviour now referred to is 
mechanical strain, which may bo due to crystallisation at a high tem- 
perature and pressure and subsequent rapid or otherwise irregular 
cooling, or to the inclusion during crystallisation of minute quantities 
of foreign substances, generally minute crystds of other minerals, pos- 
sessing different coefficients of expansion to that of the pure substance. 
Diamonds, which are probably produced both at a high temperature 
and under extreme pressure, are often thus under considerable internal 
strain, and frequently also contain minute crystals of foreign minerals 
as inclusions. Indeed, it is said (but see footnote on page 1146) to 
be quite common for a diamond to burst owing to the sudden relaxa- 
tion of pressure, on its release from its matrix of blue clay. The re- 
searches of Moissan, Sir William Crookes, and Sir Andrew Noble have 
proved that the diamond does crystallise from carbon fused by the com- 
bined agency of a temperature somewhat higher than 4000° C. and a pres- 
sure of at least seventeen atmospheres ; and that relatively rapid cooling 
from such a condition results in crystallisation with internal strain so 
marked that many such artificially produced small diamonds have burst 
while actually being examined under the microscope, and others that have 
not burst have exhibited strong signs of strain when examined between 
crossed Nicols. For diamonds, owing to this condition of internal strain, 
although of cubic symmetry and therefore theoretically isotropic, usually 
exhibit polarisation colours between crossed Nicols, this being the optical 
anomaly of the type now under discussion. Fig. 820 shows a group of 
ten diamonds of considerable size, uncut and quite colourless, arranged 
as an object slide for the projection polariscope. All these diamonds 
polarised in brilliant colours on the screen, the experiment having been 
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exhibited by the author both in lectures at the Royal Institution and in 
an evening discourse to the British Association during their meeting at 
Winnipeg in 1909, and afforded a striking example of anomalous double 
refraction as exhibited by crystals supposed to be isotropic. These ten 
diamonds, unspoilt by the lapidary, were generously lent to the author by 
the late Sir William Crookes, and are now in the Mineralogic^ Collection 
of the British Museum at South Kensington. 

Another cause of optical anomalies is the occurrence of a fine lamellar 

structure, in which each 
lamella is a normally behav- 
ing crystal plate, but is not 
arranged parallel to its neigh- 
bours, neither is it arranged 
in a regularly reversed, alter- 
nated, manner with respect to 
its neighbours. All the effects 
and phenomena afforded by 
the artificial combination of 
thin doubly refractive crystal 
plates or films, such as by 
crossing at oblique angles as 
in the case of the mica films 
described on page 1102, are 
afforded naturally by “ op- 
tically anomalous ” crystals. 
In certain parts they show 
uniaxial properties, and in 
others biaxial characters, 
with varying angle of optic axes and position of the optic axial plane, 
indicating clearly that they are composed of thin lamellae similarly crossing 
each other with more or less of regularity, and often with remarkable equality 
of thickness of the constituent films (see page 510). It is shown on page 
608 that when absolute regularity of alternation occurs a higher mimetic 
symmetry usually results, that of a system higher than that of the single 
lamella ; if the alternation be so fine as to be sub-microscopic, pseudo- 
symmetry according to a higher system may be assumed, such as that of 
potassium sulphate above 6W° C. (hexagonal, whereas ordinary potassium 
sulphate is rhombic), which it is practically impossible to distinguish from 
a polymorphous conversion. When, however, this regularity of repeated 
twinning is absent, optical anomalies of a most perplexing character 
may occur, which require special investigation in every case met with. 

Yet another cause for the appearance of double refraction in an iso- 
tropic substance is the admixture with a small quantity of an isomorphous 
substance, the molecular volume and topic axial ratios of which are con- 
siderably different to those of the pure substance. For instance, Brauns 
has shown that alum crystals frequently show double refraction when the 
alum forming the crystal is not one pure double salt of the alum group, 
say potassium aluminium alum, but is a mixture of a latge proportion of 
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this with a small quantity of another alum, say ammonium aluminium 
or ammonium chrome alum ; whereas Brauns never observed any double 
refraction, with its accompanying polarisation in colour, whenever the 
alum crystal was that of a single pure member of the group of alums. 

These facts indicate the necessity for extreme care in preparing ab- 
solutely puje crystals of any artificially prepared substance undergoing 
investigation ; and also the desirability of investigating, whenever possible, 
the state of purity of a naturally crystallised mineral substance, and the 
existence or otherwise of minute enclosures in the crystals, whenever 
anomalous optical properties are experienced. 

As regards external deforming forces acting on crystals, experiments 
have shown that, in general, whenever external physical force is applied 
to a crystal, except under the special circumstances of absolutely equal 
pressure in all directions, such as that involved in the relatively slight 
changes of atmospheric pressure, deformation of the homogeneous crystal 
structure occurs, with the inevitable alteration in the o])tical phenomena. 
If the crystal be normally isotropic, it will in general become doubly 
refractive under irregularly and locally api)lied pressure. It is only, 
however, when permanent deformation oc(!Urs, the elastic limit being 
overstepped, that the anomalous optical behaviour persists ; and the 
persistence will probably also be equally local, and not consist in any 
definite conversion of the whole body of the crystal into one of apparently 
different symmetry, but only that portion where the deformation is per- 
manent. 

The effect of local pressure or internal strain is not only effective in 
rendering an isotropic cubic crystal apparently doubly refractive, but is 
well known to be capable of producing double refraction and brilliant 
polarisation in non-crystalline transparent substances such as glass and 
jelly. The polarisation colours and figures afforded by chilled glasses, 
that is, glasses rapidly cooled instead of being carefully annealed, and 
therefore in a violent state of internal strain, are familiar examples. The 
author possesses a thick plate of glass of circular sha})e, a squat cylinder 
about half an inch deep and one inch in diameter mounted as a slide for 
the projection polariscope, which affords betw^een crossed Nicols in parallel 
light a brilliant figure filling the whole disc on the screen, composed of 
black cross and circular spectrum rings, which cannot be distinguished 
from the figure afforded between crossed Nicols in convergent light by a 
uniaxial crystal. The strain in this case happens to be symmetrical to 
the axis of the cylinder, which thus behaves as an optic axis. 

Optical Phenomena with Sphernlites. — From glassy viscous liquid 
“ melts,” both natural (lavas and internal igneous semi-liquid masses) 
and artificial (slags, glasses, etc.), we frequently obtain spheroidal crystal- 
lisations composed of radially arranged bundles of acicular crystals. A 
plate cut to pass through the centre of such a spherulite shows between 
crossed Nicols — whether the elongated individual crystals are uniaxial 
with the length parallel to the axis, or biaxial with the length parallel 
to one of the three axea of the optical ellipioid — a black cross, the arms 
of which are partllel to the directions of vibration of the Nicols, while 
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the spherulite is brightly illuminated at the 46*^ intermediate positions. 
The cross is distinguished from that of a uniaxial crystal by the fact 
that it is afforded in parallel light, whereas the uniaxial interference figure 
is produced only in convergent light. The cross also moves with the 
spherulite when the object-section is moved, whereas the interference 
figure is immovable on sliding the section in its own plane. • The pheno- 
menon may be imitated by attaching to a rotating disc, out of which a radial 
slit has been cut, a single crystal of a uniaxial substance, which extin- 
guishes parallel to its length, and rotating the disc rapidly between crossed 
Nicols. The additional colour effects produced when the substance 
happens to be pleochroic have already been referred to on page 1120. 

An excellent example of this spherulitic radial structure is afforded by 
the glucoside salicin, CjgHjgO^, the beautifully tran8i)arent radial spheru- 
lites of which, resembling wheels and their spokes, polarise between 
crossed Nicols with exceptional brilliancy and variety of colour, in the 
sectional portions intervening between the black arms of the cross. Rota- 
tion of the analysing Nicol is followed by a similar rotation of the cross. 
The effect of interposing a half-wave mica plate between the crystal-vslide 
and the analyser is to reverse the sense of rotation, which is then contrary 
to the direction of rotation of the analyser (see p. 910 for experiment by 
J. R. Rendel involving this effect). To prepare a slide of salicin for the 
microscope or projection polariscope, the substance should be dissolved 
to saturation in a mixture of one part of alcohol to four parts of water ; 
a thick layer of the liquid is poured over the micro-slip or circular glass 
plate, and evaporated rather rapidly with warming so as to effect the 
labile crystallisation, which is productive of the spherulite radial groups 
instead of the metastable production of rhombic tabular crystals. A 
little practice is required to obtain the best results, especially as regards 
the degree of heat to be employed in the evaporation on the slide, and as 
to the precise moment to cease warming. When successful, the whole 
slide is covered with the exquisite transparent and quite colourless circular 
radial groups, of a more or less equal diameter, which for the lantern 
polariscope may conveniently be as much as half a centimetre. Such a 
slide is illustrated in Fig. 666a on page 910. 

Note on Optical J nomalies of the Diamond , — In a communication to the Minera- 
logical Society on June 21, 1921, Dr. Sutton, of Kimberley, South Africa, stated 
that the inclusions in diamonds are chiefly minute garnets and cubes of iron pyrites, 
and as their faces and edges are wonderfully perfect and their melting-points not 
excessively high the temperature of formation of the diamonds including them cannot 
have been inordinately high. He considers that the element of prolonged time as a ’ 
factor in diamond formation has not received adequate attention. He discountenances 
the stories of bursting natural diamonds, and stated that in his very long experience 
at the Kimberley mines ho had not known an authenticated case. Instead of burst- 
ing, what does often happen is that the difference of expansion of the inclusions and 
the diamond causes splitting of the latter along the octahedral planes of perfect 
cleavage. Sir William Crookes, however, in his book Diamonds, page 120, records an 
actual case of an artificial diamond bursting during the night, after being mounted 
on a slide for microscopic examination, and covering the slide with minute fragments. 
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THE CRYSTALLOGRAPHIC MICROSCOPE AND ITS ACCESSORIES 

The polarising microscope is one of the most useful and important 
instruments of the crystallographcr’s laboratory. For although all the 
optical constants are measured eventually by the instruments described 
in preceding chapters, constructed specifically for each particular purpose, 
provided adequately large crystals can be obtained for a complete 
investigation, still the microscope is a sort of multim in parvo of them 
all, most convenient for preliminary work, and the last resort in all cases 
where crystals cannot be procured of the necessary size (minimum, that 
of a pin’s head) for individual measurement of each constant on its own 
specific measuring instrument. Moreover, the crystallographic microscope 
is invaluable in all work of a petrological character, such as the study of 
the natural crystal-sections revealed in the thin slices of rocks specially 
prepared for examination under the microscope, for the study of the 
minute crystals obtained in micro-chemical analysis, or for that of excess- 
ively small crystals alone obtainable by any process, for rapid work on 
the optical characters of larger crystals for identification purposes, and 
lastly, in carrying out a preliminary examination of the more apparent 
optical properties of a new crystalline substance. Fortunately, this 
country has for many years excelled in the construction of microscopes 
and their objectives and other accessories, and the late Mr. James Swift 
made for his firm of James Swift & Son a world-wide reputation for 
petrological microscopes, a just reimtation which is now being added to 
by his son as regards the construction of microscopes suitable for all 
varieties of crystal work. Messrs. R. & J. Reck, largely owing to the 
ability of Mr. Conrad Beck, also now construct excellent microscopes, and 
have produced some especially good objectives. Also, the continental firms 
of Fuess of Berlin, Voigt & Hochgesang, now taken over by Steeg & 
Reuter of Homburg, Zeiss of Jena, Nachet of Paris, and the Society 
G^nevoise, are all constructing admirable instruments for this specific 
purpose. The Bausch & Lomb Optical Co., of Rochester, N.Y., U.S. 
America, are likewise now also constructing some excellent instruments. 

The best crystallographic microscope which has come within the 
author’s own experience is the large pattern one constructed by Messrs. 
Swift & Son, designed in its earlier form by Mr. Allan B. Dick, and known 
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as the large Dick microscope.” With the subsequent additions which 
have been made to this instrument on the recommendations of Sir Henry 
Miers, Professor Bowman, Mr. G. W. Grabham, and the author, this instru- 
ment is in every way admirable for the crystallographer’s purposes. It is 



FIQ. 821.— The Dick Crystallographic Microscope constructed by Swift, 
fitted with Measuring Stage. 


shown in Fig. 821 in its completest form for ordinary work, with the measur- 
ing stage, which includes both a rotating divided circle of great accuracy and 
two rectangular measuring movements ; in Fig. 822 as fitted for work with 
the Miers goniometrical stage ;* and in Fig. 823 as arranged horizontally with 
the latter for optic-axial-angle measurements in a highlj* refractive liquid. 
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In Fig. 824 it is also shown upright in its simplest form, with the 
fixed rectangular stage more clearly revealed, and Swift’s mechanical 
stage or micro-slip-holder, for holding, and rapidly moving over the stage, 
the ordinary 3x1 inch slips bearing rock-sections or other mounted 
crystals. Lastly, in Fig. 825 the instrument is shown with additional 
accessories devised for special work by Mr. Grabham. 



Fig. 822.— The Dick Microscope fitted with the Miers Stage Goniometer. 


The instrument has a particularly convenient and graceful form of stand, a in 
Figs. 821 and 822, which carries between its claws the plano-concave double mirror b, 
provided with two rotatory axial motions and two movements of transference, for 
adjusting the illuminating light reflected by the mirror so as to pass exactly along the 
axis of the body-tube c. The objective d is provided with a centring adjustment above 
the standard screw attachment, manipulated by two screws c. The coarse adjustment 
by rack / and pinion g, and the fine adjustment manipulated by the divided milled head 
A, act with great sij^oothness and precision, without any backlash, owing in the one 
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case to obliquity of the rack teeth, and in the case of the tine adjustment to a strong 
pressure-maintaining spring. This tine adjustment depends on a differential screw, 
with which in the case of the instrument possessed by the author the greatest possible 
care was taken in the turning, and which, with the aid of the divisions on the top of the 
milled head, reads to the thousandth of a millimetre of axial movement of the micro- 
scope. It is of special use in determining thicknesses by the refraction method. The 
coarse adjustment is also graduated, a silver scale, shown in Fig. 824, divided directly 
into half millimetres being carried by the supporting bracket, and a silver vernier 
carried by the body-tfibe enables it to be read to a fiftieth of a millimetre. 

A principal feature, introduced by Mr. Dick, and since adopted on most modem 
instruments, is that the polarising and analysing Nicol prisms k and I may be rotated 



Fig. 823. — The Measurement of Optic Axial Angles with the Dick Microscope and Miera 
Stage Goniometer. 


together from the upper end of the microscope by the toothed wheel m, or from below 
the stage by means of the large milled disc n, the fundamental stage o being fixed, and 
of rectangular shape. Hence, instead of rotating the crystal with its stage, which is 
not always convenient, the crossed Nicols may be rotated simultaneously, in which 
case the rotating stage p in Fig. 821 is not required. The amount of the rotation is 
registered by a silver divided circle carried by the large milled disc n, seen in Fig. 824, 
a vernier also on silver being carried alongside it by the fixed stage, at the bottom of 
a recess cut and scooped out of the latter for the purpose of revealing the graduations 
of this circle, and for convenience of manipulation of the crystal-holder of the gonio- 
meter stage as shown in Fig. 823. The gear for effecting this simultaneous rotation 
of the Nicols is very simple. The toothed wheel m, which is smoothly made so that 
it may also act as a milled head fqr rotation by the hand, is carried at the upper end 
of a steel fluted shaft g, which passes without contact through boring in the body 



utt&r* mi 


in Hi i^iALLUbUCAFUW MIUKUHVOPE 


llBl 


bracket r ; a similar toothed wheel is also carried at the lower end of the shaft under 


the fixed stage. With the aid of an intermediate smaller toothed wheel s in each case, 
the upper and lower wheels each gear with a larger one t, which is really only an 
annulus, the centre being perforated in both upper and lower wheels with the full 
aperture of the optical tube and stage opening respectively. For the upper one is 
concentric with the optical tube at its upper end, and rotates about the tube and its 
axis in a plane perpendicular to the latter, carrying with it all the upper fittings 


including the Eyepiece «, its outer tube 
V, which has a slot w for quarter-wave 
mica or other insertions, and the analys- 
ing Nicol prism 1. The Nicols can be 
fixed at any desired position by means 
of the little clamping screw x. The 
lower large wheel under the stage 
carries with it, below, the large milled 
disc n which bears the silver divided 
circle on its upper surface, the divisions 
being single degrees ; the vernier carried 
by the fixed stage enables the readings 
to be carried out to minutes. The circle 
may be conveniently read by a lens z 
hinged, at a convenient height for 
focussing, to the front of the body -tube. 
Both wheel and circle plate are per- 
forated with a wide central aperture to 
permit of the passage of the light rays, 
and of the insertion of a sub-stage 
condenser when required. To this 
annular disc n the polarising Nicol 
prism k is fitted, a short column i 
proceeding downwards from near the 
margin of the disc and carrying at 
right angles at its lower expanded 
extremity a rotatable arm terminating 
in a ring in which is fixed the outer 
tube-case of the polarising Nicol and 
in which the latter and its inner mount- 
tube are rotatable. The pivoting of the 
arm about the column is so arranged, 
by means of a stop-pin, that the Nicol 
is placed exactly in position in the optic 
axis of the microscope when the arm is 
at one end of its possible swing, and is 



Fio. 824.— The Dick Microscope with 
Swift Mechanical Stage. 


conveniently out of the way when at the other end of its swing. 

The polarising Nicol is larger than usual on the author’s instrument, having a 
clear minimum aperture of Jths of an inch It has a bevelled graduated circle and 
an indicator on the outer tube ; a spring claw also falls into a shallow notch with a 
click when exact crossing or parallelism of the Nicols is attained. The analysing 
Nicol I is also carried by a double elbow arm a, hinged so that the Nicol can be rotated 
backwards out of the way when not required, or when it is desired to insert a 
different eyepiece. The Nicol itself is provided with a bevelled divided circle and 
indicator, and is separately rotatable, a notch and spring click like those of the 
polariser being also provided to indicate the crossed and parallel positions even when 
the light is shaded^off. Hence, the two Nicols can either be rotated separately as 
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in the ordinary polarising miorosoopes, or together, mutually crossed or parallel, or in 
any desired position with respect to eaeh other’s planes of polarisation, by means either 
of the milled disc n or the toothed wheel m. As the eyepiece rotates with the analyser, 
the cross-wires (spider-lines) carried by it also simultaneously rotate. The eyepieces are 
of the form shown at ^ resting on the base-board in Fig. 821, and a projecting pin near 
the upper end of each eyepiece tube fits into a notch cut in the rotating tube in such a 
position that the cross-wires are parallel to the planes of polarisation and vibration of the 
Nicols. Each eyepiece also has a slot corresponding to that {w) in the^rotating tube, 
for the insertion of thfi quarter- wave mica plate or quartz wedge, the slot in the tube 



FlO. 825.--The Dick Microscope with Grabhain Sub-stage Fittings. 


being covered by an outer 
shutter-tube when the 
latter are not required. A 
similar pair of slots with 
covering shutter-tube are 
provided at 7 just above 
the centring apparatus. 

A nose - piece 5 for 
three objectives is pro- 
vided. The following three 
are the most useful ob- 
jectives for crystal work 
and should be left on the 
nose-piece as a rule, 
namely, a li-inch ob- 
jective, for rock-section 
work or the preliminary 
examination of ordinary 
goniomotrically measur- 
able crystals , a 1-inch 
objective for parallel light 
work with crystals just 
too small for goniometri- 
cal investigation in the 
ordinary way ; and a J- 
inch objective for con- 
vergent light work. It 
is, of course, very con- 
venient to possess a 
greater range of obj ecti ves 
than these essential ones, 
and those for which the 
author has found most 
use in addition to the 


three mentioned are a 3-inch, 2-inch, J-inch, |-inch, and 1^2 -inch, all dry lenses, and a 


^ oil-immersion lens. 

A specially good i-inch objective, shown in position in Figs. 823 and 824, marked 
d in the latter, is supplied by Messrs. Swift for use with convergent light, acting as 
the collecting lenses of the system. The converging lenses consist of a sub-stage 
condenser e and an additional lens 17 in Fig. 824, to complete the convergence when 
necessary, as it usually is ; this lens v is carried in the central line but nearer one end 
of a bevelled slider let into a corresponding dovetailed groove cut diagonally in the 
top of the rectangular fixed stage 0. This slider can be pushed along so that the lens 
is brought into or out of position *by means of the little knob-handle 6 belonging to 
an arm attached to the slider underneath the stage ; an aperture 21 millimetres in 
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diameter, the same as that of the stage aperture itself, is also made in the slider, and 
this open aperture is centrally placed when no additional lens is required, and is 
always in position when the microscope is being used for parallel light observations. 
The sub-stage condenser is altogether removable when desired, screwing directly into 
the fixed stage, the central aperture of which is tapped with a corjesponding screw 
thread to that carried at the top of the condenser tube. The achromatic condensing 
leno system is garried in a short inner tube sliding within the latter ; a pin projecting 
from the inner tube fits in a vertical groove in the outer tube tp prevent rotation of 
the lenses, and by means of a third outermost freely rotatable tube— carrying a large 
milled flange \ for convenience of effecting the rotation, and the inner bore of which has 
a spiral groove, into which the pin of the inner lens tube also falls — the condensing lens 
system can be raised or lowered nearer to or further away from the stage. Its normal 
position for use along with the additional stage-lens rj is almost at the upper extremity 
of its path, quite close to the lens rj. This vertical adjustment of the condenser is also 
very convenient when the latter is being used for ordinary microscopic sub-stage con- 
denser work. An iris diaphragm, particularly useful in the latter operations, is also 
fitted at the lower end of the fitting, its opening being varied by means of a small handle 
projecting from and moving in a slot. The polarising Nicol k comes into position 
immediately below this diaphragm. The large size of this Nicol enables a particularly 
well-lighted field of interference bands to be obtained, with a crystal plate perpendicular 
to the first median line on the stage, excellent for photographic purposes. 

The complementary collecting lens system consists of the J-inch objective d and 
a plano-convex Bertrand lens mounted in a slider fi in the body-tube c ; the slider has 
two apertures, each of 17 millimetres diameter, one filled permanently by the Bertrand 
lens, and the other either left empty or filled with a removable Biot quartz plate, 3-76 
millimetres thick and cut perpendicularly to the axis. This is the correct thickness and 
orientation to give, with parallel Nicols, the violet transition tint between the first and 
second order spectra, for use as described on p. 1 105 of Chapter L. The slider is inserted 
in a short inner tube sliding up or down within the body-tube c, which latter is cut away 
here for the width of the slider and for rather more than the same height. This enables 
the Bertrand lens to be adjusted, by sliding up or down the body-tube, so as to obtain 
the clearest definition of the interference figure. A second Bertrand lens is also 
provided in another slider ir higher up the body-tube c, and this one has fitted over it 
a little circular diaphragm pierced with six apertures of different diameters, the largest 
being 3-6 millimetres and the smallest 0-7 mm. The slider is fitted in an adjustable 
tube sliding in the body-tube, which is out out for the width of the slider, as in the case 
of the lower one ; the slider has also a second open aperture, which is in position when 
the Bertrand lens in the other aperture is not required. 

The lower Bertrand lens is that usually employed for the production of interference 
figures. Together with the i-inch objective, and with both the sub-stage condenser 
and the additional lens rj on the stage slider in position, it affords a magnificent inter- 
ference figure with a crystal-plate cut perpendicularly to the acute bisectrix of the 
optic axial angle of a biaxial crystal or normally to the optic axis of a uniaxial one. 
The upper Bertrand lens gives a much smaller but very clear interference figure ; it is 
intended for use with a small crystal, say a particular one in a rock section. 

The course of the light rays in the microscope thus used as a “ conoscope,” or con- 
vergent light polariscope, is essentially as follows. The more or less parallel rays from the 
mirror at the foot of the microscope are rendered convergent by the sub-stage condenser, 
and still more so by the hemispherical or very short focus lens of the stage-slide. 
They then pass as a highly convergent cone through the crystal-plate, the apex of the 
cone being in the centre of the crystal when the adjustment is ideal, to the ^-inch 
objective, which collects them and brings about the formation of the interference 
image, which is about 6 millimetres, in diameter, jus? above. This primary real image 
is then reproduced 1^ the Bertrand lens as a secondary real image just below the 
VOL. II 2 d 
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eyepiece^ and this is magnified by the eyepiece as a large virtual image, of which the 
apparent plane is just below that of the secondary real image. 

Stage Fittings. — Three important stage fittings are provided, which are readily 
attached when required, the two ordinary spring-clips for holding microscope slides 
on the fixed rectangular stage being easily removable, as they are simply carried by 
pegs fitting into two cylindrical holes in the stage. 

The first is a simple Mechanical Stage for rapidly moving an ordinary 3-by-l-inch 
microscope object-slide about on the stage, so as to bring the desired object quickly 
into the centre of the field. It is shown at p lying on the mahogany base-board in 
Fig. 821, and in position in Fig. 824. It consists of a narrow brass bar which slides 
over the fixed stage by means of two roller- wheels on a T-pieco carried at one end of 
the bar, and which roll in a V-shaped groove in one side-edge of the stage, close 
contact and motion being both obtained by means of a short fluted cylindrical rod 
terminating in a milled head, resembling a screw in appearance but with flutings 
instead of a helix, which is carried at the other end of the bar so that the flutings may 
revolve, with sufficient friction to effect the movement of the whole mechanical stage, 
in corresponding closely parallel grooves in the other side of the fixed stage ; the 
fluted rod is pivoted on a short arm pressed inwards by a spring, thus maintaining 
close contact of flutings and grooves. Rotation of the milled liead causes the mechanical 
stage with its micro-slip to traverse the fixed stage in a direction parallel to the sides 
of the latter. Movement of the micro-slip in the direction rectangular to this, parallel 
to its own length, is effected by three rollers, one of which is carried freely at the end 
of a curved arm, and is maintained pressed against the micro-slip by a strong straight 
spring screwed at one end to the bar and pressing against the arm end, which is so 
shaped that a little force has to be expended in order to open out the bent arm 
sufficiently to insert the micro-slip in position, between the free roller at the end of the 
arm and the two other rollers, the force of the spring retaining it then in that position. 
The other two rollers are carried by the bar itself, which is here bridged over them 
sufficiently to give them free play when rotated ; the rotation is effected by means of 
a second milled head at the end of a steel shaft, on which, opposite the two roller axles, 
are two portions of the thread of an endless screw, which gear with worm wheels 
carried on the axles. Rotation of this shaft by its milled head thus effects movement 
of the micro-slip in the direction of its length, while rotation of the other milled head 
with fluted axle moves the slip perpendicularly to its length. 

The second is a Measuring Stage, a rotating stage with divided circle, and two divided 
rectangular measuring movements. It is shown lying on the base-board at (t in Fig. 822, 
and in position in Fig. 821. This stage is intended for use when the ordinary manner of 
rotating the crystal is desired to be employed, instead of the simultaneous rotation of 
the Nicols and cross-wires, and also for the accurate measurement of lengths in two 
rectangular directions. The lower circle carries two projecting screw-pegs which fit 
into two holes in the rectangular fixed stage of the microscope, and when the whole 
fitting is laid on the latter with the two pegs in their holes it can be secured, and the 
lower circle thus rendered a fixed one, by screwing two millod-headed nuts from below 
on to the threads of the pegs. The rotatable circle p has a silver bevelled limb divided 
directly into degrees, and a silver vernier carried by the fixed circle enables the 
readings to be made to 5 minutes of arc. The two rectangular movements are effected 
by rotation of the large milled heads r and i», and each movement bears a silver scale 
divided directly into half millimetres, and reading with the aid of a silver vernier to 
the fiftieth of a millimetre, 0-02 mm. The upper movement is furnished at the top 
with a sliding object-slip holder, provided with tension springs for secure gripping of 
the slip. The whole of the movements are constructed to work very smoothly 
without backlash, and afford all that is required for either circular or rectilinear 
measurement, the combination enabling the latter to be carried out in any azimuth. 
When it is desired to use convergent light with this stage, which is but rarely, as its 
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chief uses are with parallel light, a duplicate convergent system, equal to the sub* 
stage condenser and the stage lens together, is provided. It is mounted in a second 
but much longer inner tube sliding in the sub-stage fitting just like the ordinary 
sub-stage condenser, having a guiding pin gearing with the slot of the fitting. The 
top lens can be brought by rotation of the milled flange \ (Fig. 824) flush with the 
surface of the measuring stage, or adjusted at any position below this. 

The third jp a Stage Goniometer, which is shown in position in Fig. 822, and as 
used with a cell of immersion liquid, and the microscope consequently arranged 
horixontally, in Fig, 823. It is a small Miers goniometer specially adapted by him 
to the microscope stage, to 
which it is screwed by two 
milled-headed screws 0 pass- 
ing through wide slots in the 
stage - plate of the gonio- 
meter, broad washers being 
provided to cover the slots ; 
a considerable amount of ad- 
justment is thus permitted 
in the fixing. The stage 
plate is cut away largely at 
its central part, in order to 
permit of the introduction of 
a circular cell for the highly 
refractive liquid, and also to 
afford free play to a long 
needle-shaped crystal-holder 
X, carried axially at the end 
of the adjusting and centring 
movements and w of the 
goniometer. The fixed stage 
of the microscope, as already 
mentioned, is also cut away 
and scooped out in a conical 
manner to give full room 
for the play of the crystal - 
holder. The short rectangu- 
lar elbow bracket of the g 26 , — The Stage Goniometer, 

stage-plate is attached to the 

goniometer by two columns x, about one of which, hidden in the figures, it is pivoted, 
while the other column is attached in a slot in the bracket in such a manner that 
its position in the slot may bo varied by a piston screw with milled head t, a strong 
spring, curved so as to be well out of the way of the adjusting movements, maintain- 
ing the column and piston in rigid contact. This enables the whole goniometer to 
be moved, until the crystal-holder (the needle, to the end of which the crystal is 
attached by goniometer wax) is quite clear of the fixed stage of the microscope and 
its conical depression, in all positions during rotation of the goniometer circle f by 
means of the large miUed head r. The circle is divided directly into half degrees, and 
reads with the aid of the vernier to single minutes. 

The stage goniometer shown in Figs. 822 and 823 was constructed by Messrs. 
Troughton & Simms. In Fig. 826 is shown a similar stage goniometer con- 
structed by Messrs. Swift, with modifications on that of Sir Henry Miers introduced 
by Prof. Bowman, largely for the purpose of strengthening the parts and obtain- 
ing greater freedom of movement. Its construction wiU be quite clear from the 
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Some further additions and modifications have been introduced into 
the Dick crystallographic microscope by Mr. G. W. Grabham, and the 
instrument embodying them, as supplied by Messrs. Swift, is shown in 
Pig. 826. In the first place the divided circle rotating with the Nicols, 
and divided to read with the vernier to 5', is placed at a, just below the 
eyepiece fittings, and is read by a lens b. In the second place an alter- 
native analysing J^icol is fitted at c in the body -tube between the 
objective nose-piece and the Bertrand lens ; it may be pushed in or 
pulled out of position with the aid of a little handle-rod on the other 
side of the instalment and therefore not shown in the figure. This is 
for use in the older way still preferable in many kinds of crystal work, 
and with which the rotating stage shown in Fig. 821 is so useful. The 
third feature is a focussing adjustment, by rack and pinion d, to the 
sub-stage, and the provision of a triple revolving-piece e carrying the 
battery of three different condensers, any condenser having the Royal 
Microscopical Society’s standard screw being able to be attached to 
one of the three apertures of the piece just as any objective with the 
standard screw may be fitted to the nose-piece of the Dick microscope. 
An iris diaphragm /is provided as in the ordinary Dick instrument already 
described. A cell g for the reception of any one of a variety of stops for 
oblique and dark ground illumination is also provided, on a swinging arm, 
the mode of mounting also permitting of the rotation by the handles h 
of the cell and the stop it may contain. This arrangement is of great 
use in observing the shadow effects specially investigated by Becke, 
and which are indicative of the relative refractive indices of adjacent 
crystals in a rock section. A selenite or mica plate may also be fitted 
in this cell. 

The three condensers found most useful are the Swift oil immersion 
of numerical aperture 140, the Swift dry condenser of unit numerical 
aperture, and a low-power lens for producing weak convergence. When 
parallel light is desired the latter lens is removed, and as the other two 
condensers give most of the necessary variety of angular field required 
this may conveniently generally be the case, so that the observer can 
change from parallel light to either degree of convergence instantly. 

The instrument is otherwise like the ordinary Dick model already 
described. 

Accessory Fittings to the Polarising Microscope.— There are a number 
of very useful and important accessories, which may be attached to either 
form of the Dick microscope. Their description will now be given. 

The Ramsden Micrometer Eyepiece.— This is a positive eyepiece, composed of two 
plano-convex lenses with the convex surfaces inside facing each other, as shown in 
the section given above the general view of the micrometer in Fig. 827. The focus 
is outside the combination, fairly close to the second (larger) lens, the closeness 
depending on the power of magnification, which of course again depends on the 
curvature of the convex surfaces. The combination thus behaves as a single lens, 
but is better than the latter as the spherical and chromatic aberrations are largely 
corrected. It focusses not only the real image formed by the objective at the top of 
the microscope body-tube, but at the same time the spider-lines 6f a micrometer with 
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drum-headed screw, arranged in the plane of the image afforded by the objective. 
The whole arrangement is shown in Fig. 827. 

The lens combination is carried in its own inner tube, which is adjustable, by 
sliding in an outer one attached to the top of the micrometer box, so as to focus 
both the spider-lines and the “ comb ” or scale of saw-like teeth and notches in a 
metallic plate, which forms a horizontal chord across the circular field (the plate 
cutting off tl^ lower segment) somewhat below the centre, as shown in Fig. 891 in 
Chapter LVII, Every fifth notch is deepened, and from the central one, marked by 
an expansion of the notch at the bottom into a circular aperture, the fixed spider-line 
is stretched vertically across the field. A second movable spider-line, parallel to the 
first, is carried by a sliding frame, the movement of which is effected by the very fine 
micrometer screw of tift-inch pitch, the drum and milled head of which are seen on the 
right of the micrometer box in Fig. 827. The silvered drum is divided into 100 parts, 
every tenth being numbered and every fifth elongated. An indicating mark also on 
silver is carried by a projection from the box When the spider-lines are coincident 



Fig. 827. — The Itanisden Micrometer Eyepiece. 


(one really just clearing the other in front but appearing coincident as seen through 
the eyepiece) the reading is 0°, and 100 drum divisions, one complete revolution, 
correspond to one notch of the comb, and about a fiftieth of a field diameter. Henc^ 
the micrometer reads to the of an inch. The wider lower tube below the 

micrometer box fits into the body-tube of the microscope. 

The Wright Double Micrometer. — ^A micrometer on Ramsden’s principle, but in 
which there is a second movable spider-line arranged at right angles to the ordinary 
one, the movement being measured in a precisely similar manner by moans of a second 
screw with divided drum-head, is recommended by F. E. Wright for use in connection 
with Becke’s methods of investigating crystals under the microscope, and is shown in 
Fig. 828. Its mode of employment will be fully discussed in the next chapter. 

The Goniometer Eyepiece. —This is an eyepiece with rotatable spider-line and 
corresponding circle, shown in Fig. 829. The divided silver circle reads to 2° directly, 
and is fixed to a broad flange attached to the top of the lower tube of the eyepiece, 
and with the silver vernier carried on the rotatory bevelled plate attached to and 
moving with the upper narrower eye-tube reads to half degrees. In the focal plane of 
the eye-lens, seen in section in its adjustable tube Ibove the general representation of 
the eyepiece in Fig.»829, and in the same diametral line with the zero division of the 
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vernier, a spider-line is stretched, which thus revolves with the vernier, while a second 
spider-line is permanently fixed diametrically from the 0° to the 180® graduation of 
the fixed circle, also practically in the focal plane, room being just left between the 
two lines for the one to rotate without touching the other. The lenses are arranged 
on the ordinary Huyghenian principle to be described in the next paragraph, as a 
negative eyepiece, and the focal plane of the spider-lines is that of the front, or eye- 
lens. It is important that this eye-lens should be mounted separat/'ly in its own 
tube, sliding fairly tightly in a fixed outer tube, so that it may be adjusted to suit 
the observer’s own eye and enable a perfect focus of the spider-lines to be 
obtained. This goniometer eyepiece thus enables the angle to be directly measured 
between any pair of crystal faces (on a tabular crystal) which are perpendicular to the 
plate and the microscope stage, thus forming the boundary faces of the plate and 
appearing completely foreshortened as its edges. The 
fixed spider-line is laid parallel to, or better coincident 
with, one of the edges, and the movable spider-line is 
adjusted to coincide with the other. The crystal-plate 
must also be brought so that the comer formed by 




t'lQ. 829. 

The Goniometer Eyepiece. 


the intersection of the two edges is coincident with 


the intersection of the two spider-lines. The angle 
between the two faces is then 


at once given by the reading 
of the circle of the goniometer 
eyepiece. 

The Huyghenian Eyepiece 
provided for ordinary work 
with the microscope is shown 
in Fig. 830, and its arrange 
mentot two plano-convex lenses 
will be clear fr(»m the figure, in 
which they and the diaphragm 
between them are represented 
by dotted lines. The two lenses 
both have their plane side facing 
the observer, contrary to the 



method of the positive eyepiece. Fig. 830. 

Theimageisformed between the The Huyghenian Eyepiece. 


two lenses instead of outside 


both, and the whole arrangement is called a negative eyepiece. The larger lens further 
from the eye is known as the field lens, as it produces an image of the microscope 
field between itself and the eye-lens, which the latter then observes and enlarges. 
A diaphragm carrying the crossed spider-lines is arranged at the focal plane. It 
is imperative that the eye-lens be mounted, as just stated, in its own inner tube, 
readily capable of sliding adju.stment so as exactly to focus the spider-lines. The 
Huyghenian eyepiece has the great advantage of giving a wide field. The actual 
form given to it in the Dick microscope is shown at (the eyepiece on the base-board) 
in Fig. 821. The goniometer ocular just described is a special application of it, and 
another will bo described in the next paragraph. 

The Bertrand Quartz-plate Eyepiece — ^This is a Huyghenian negative eyepiece with 
a special compound quartz plate in its focal plane between the two lenses. Its appearance 
is just like that of the ordinary eyepiece, and while the latter is in position at the top of 
the body-tube in Fig. 821 the Bertrand eyepiece is the one marked lying on the base- 
board. The Bertrand eyepiece is employed for staurosoopic purposes, instead of a 
Calderon double plate of caloite, that is, for the enhancement of the sharpness and accu- 
racy of determinations of extinction. In the place of the crossed s^der-line diaphragm 
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Fio. 831.— Eifeotof Intro- 
dnctlon of Crystal on 
Even Field of 1' 

Quartz Plate. 


of the ordinary Huyghenian eyepiece a composite plate of right- and left-handed quarts, 
known as a “ Bertrand quartz plate,” is fitted. The arrangement of the quartz is 
shown in Fig, 831. The right and left quartzes occupy alternate quadrants, so that 
opposite quadrants are of like kind ; these opposite quadrants 
are out from the same plate of right- or left-handed quartz of 
3‘7d millimetres thickness, which has been cut and polished 
perpendicular ^ the optic axis. The rectangular edge-strips 
of the four quadrants are carefully polished and cemented 
together so as to form a truly plane-parallel plate absolutely 
perpendicular to the axis. The lines of junction arc just 
visible, appearing like a pair of cross- wires, the purposes 
of which they admirably serve. When the Nicola are 
parallel, therefore, the transition violet tint afforded by 
a plate of quartz 3-75 mm. thick is produced, the whole field 
being evenly lighted and coloured, crossed by the rect- 
angular fine black lines of division of the quadrants. Tlio 
least rotation of the Nicol, however, in either direction, or 

the introduction of a crystal -jilate into the optical train, on the stage of the micro- 
scope, upsets the colour balance, unless the extinction directions of the crystal happen 
to be parallel to the vibration planes of the Nicols, and introduces red in one pair of 
opposite quadrants and blue in the other pair. Or if the Nicola be crossed, an even 
yellow tint is shown, which on the slightest rotation of the analyser or the introduction 
of a crystal -plate, obliquely as regards its extinction directions compared with the 
pianos of the crossed Nicols, passes into brilliant colours corresponding to opposite 
directions in the spectrum, a bright orange being produced in one set of quadrants 
and a deep bluish green in the other. The usual mode of use is to have the Nicols 
crossed, to place the corner of one of the quadrants, that is, the centre of the plate, 
to a corner of the crystal formed by the intersection of two edges, and one of the lines 
to one of the edges, to be used as the edge of reference ; and then to rotate either 
the Nicols and eyepiece together in the manner of the Dick microscope, the crystal 
being fixed on the stage, or to rotate the crystal, the Nicols and eyepiece being fixed, 
until the even tint is again restored. The angle between the two positions, as 
measured in the two respective cases on the circle n of Fig. 824 or « of Fig. 826, or 
on the rotating stage circle p of Fig. 821, will be the desired 
extinction angle of the crystal-plate. This eyepiece is also useful 
with high powers for detecting double refraction and determining 
its sign in minute crystal fragments. 

The Calderon Double-calcite-plate Eyepiece. — A special eye- 
piece fitted with aCalderon stauroscopic double plate of calcite similar 
to that employed in the von Oroth stauroscope shown in Fig. 723 on 
p. 975 may, however, be employed equally well in stauroscopic 
determinations of extinction with the microscope, Such an eyepiece 
is shown in Fig. 832, and it includes a special analysing Nicol, 
which is not essential, however, the hinged ordinary analysing 
Nicol of the Dick microscope serving equally well, provided the 
eye-aperture is similarly restricted by a cap with small hole. The 

eyepiece is of the negative Huyghenian type, a and b being the two 

Fio. 882.— CaUieron plano-convex lenses. The Calderon double plate of calcite c is of 
^te E e *iecp ^ similar construction to that of the stauroscope described in Chapter 
p a e yep ecp. enclosed between two diaphragms with 

somewhat small apertures, which afford the convenient amount of field and the upper 
one of which is focussed by the adjustable eye-lens b ; the line of demarcation (trace 
of plane of cementation) between the two halves df the calcite plate (exaggerated in 
thickness in Fig, 83S) forms the vertical diameter of the circular field. The analysing 



1160 


ORYSTALLOORAPHy 


PART riT 


Niool d ia rotatable in the usual manner and carries a divided bevelled circle, rotating 
over a vernier-flange at the top of an outer tube not shown in the figure, which fits 
directly in the upper end of the optical tube of the microscope. Above the Niool is fitted 
the cap e with very small circular aperture, which is absolutely necessary in order that the 
observations of extinction may be made for the precise direction of the microscope axis. 

The Projection Eyepiece. — ^The large microscope of the Dick pattern now described, 
with an unusually large polarising Nicol such as has been fitted to the o^uthor's instru- 
ment,*, and an especially large analysing Nicol (the outer 
carrying tube of which is almost exactly like that of the 
direct- vision spectroscope shown in Fig. 840 on page 1167) 
which is given with the instrument to fit directly over the 
eyepiece and replace the one at I in Fig. 821 (which latter 
can be thrown back on its hinge out of the way), serves 
admirably for projection purposes, and particularly for the 
photography of interference figures round the optic axes of 
crystals in convergent light. But for this object a special 
“ projection eyepiece,” one of a pair magnifying respectively 
three and six diameters, is advisable. This eyepiece is 
specially corrected to give a flat field on the screen or photo- 
graphic plate. Such a projection eyepiece is shown in Fig. 
833. The eye-lens, in this case the projecting lens, is a 
specially calculated achromatic combination of two lenses, 
which serves its purpose admirably. The draw tube con- 
taining it is furnished with a cap adapted for attachment to 
it of the large Nicol analyser ; and it is provided with a spiral 
adjustment for the amount of its withdrawal out of the main tube, for accurately 
focussing a diaphragm in the latter on the screen or sensitive plate ; the flat surface of 
the annulus closing the main tube is graduated to afford, with the aid of an indicator 
mark on the cap, a record of the proper adjustment for a given screen distance. 

With the aid of these projecting eyepieces, fitted to the Dick microscope 
here described, the interference figures in convergent polarised light given 
in this book have been directly photographed, some in white light and 
others in monochromatic light produced by the spectroscopic mono- 
chromatic illuminator described in Chapter XLIV., employing the electric 
arc as source of light ; a Wratten and Wainwright K yellow screen was 
sometimes used in the case of the white-light figures, held in the free 
aperture of the slider tt (Fig. 821), and either Wratten and Wainwright 
panchromatic or improved drop-shutter plates or Sanger- Shepherd B 
plates, and a Watson premier half-plate camera, were employed. 

The Universal Stage of Fedorov for the Investigation of Microscopic 
Crystals. — The methods of Fedorov, ^ to which further reference will be 
made in the next chapter, depend on the use of an ingenious little stage 
apparatus, which is to the Miers stage goniometer what the three-circle 
goniometer is to the ordinary single-circle goniometer. It permits not 
only the usual rotation of the microscope stage, but also affords rotation 
about four other axes. In its latest form, including two additional 
circular arcs due to F, E, Wright,^ it is shown in Fig. 834, no less than 
four divided circles being provided. 

‘ Zeit8chrififilrKrysl.,\m, 21, 514 : 1 1894,22,229; 1896, 25, 113 and 361 ; 1896, 
’26,225; 1897,27,337 ; 1898, 29*604. 

• American Journal of Science, 1907, 24, 343. 
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The whole apparatus is carried by a stage-plate a with wide central aperture, which 
can be clamped to the fixed stage of the microscope by the screws b. From this stage- 
plate rise vertical brackets c, for the support in suitable bearings of the main horizontal 
goniometer-axis. Rotation of the milled head d to the left brings about rotation of 
this axis and of the vertical goniometer-circle V| carried directly and rigidly by it, and 
of the whole of the other circles carried indirectly about this horizontal goniometer- 
axis, which laj^ter may be conveniently distinguished as axis 1 and is lettered corre- 
spondingly Ai. The screw c serves to fix this axis at any position of the circle Vi, as 
indicated by the vernier /. The second circle Hj, which may be used as a horizontal 
ordinary rotating stage-circle if desired, is carried by the goniometer-axis Aj, which 
thus forms a diameter ; but the circle itself is rotatable — either by hand by means of 
its milled periphery, or bya little milled-beaded drivingwinch (not sliown in the figure), 
which can be thrown out of gear by a spring when not required — in its own plane, 
its position being indicated by a vernier g, and fixation in any position being possible 
with the aid of the clamping screw h ; the axis Aj of this second circle Hi is consequently 
at right angles to the goniometer-axis Aj, and may thus be called axis 2. The plane 
of this ring-circle obviously rotates with Vj, while also rotates in its own plane. 



Fio. 834, -The Universal Microscope Stage of Fedorov. 

Within this in gimbal manner a second ring H, is swung, on an axle Ag, which may be 
termed axis 3, lying in the plane of Hj, and capable of fixation by the clamping screw le. 
Its altitude with respect to Hj can be measured by a graduated arc Vj or a similar one 
V'j on the other side, both being hinged so that the one not required can be turned 
down out of the way. Within this circle and in its plane a glass stage I is capable 
of rotation, the position being indicated by another vernier just hidden underneath 
out of sight, and fixation secured when desired by the screw wi. The axis of rotation 
A 4 of this innermost disc may be called axis 4. In a metallic annulus n in the centre 
of this glass stage there fits a circular glass plate with truly plane and parallel polished 
surfaces, on which the crystal under investigation is simply laid when it is to be 
examined in parallel polarised light. When convergent light is to be used, for the 
measurement of the optic axial angle, a glass hemisphere 0 is laid over the minute 
tabular crystal or larger crystal section-plate as shown in Fig. 834, with a drop of a 
highly refractive liquid — cedar oil or glycerine being very suitable-— to form a uniting 
film between the glass plate and hemisphere, and in which the crystal is immersed. A 
similar hemisphere is fitted with its liquid film also beneath the glass plate, the two 
hemispheres thus together forming an optic-axial-angle apparatus on the principle of 
the method of Adams, which, while generally now discarded for the ordinary measure- 
ment of good-sized arystals, has found its real utility in microscopic optic -axial -angle 
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l^oiuonietry. Two brass annuli, at the ends of pivoted or hinged arms and fitted with 
looking screws, serve to secure the two hemispheres in position. 

Klein’s Universal Stage Rotation Apparatus. — This is another 
very useful little stage apparatus, especially for the investigation of a 
small crystal in a cell of liquid the refractive index of which is 
approximately the same as the mean of the three indices dl the crystal 
for sodium light. * It is shown to the left in Fig. 835, as constructed 
by the firm of Steeg & Reuter. It enables measured rotations to be 
effected about three rectangular axes, the movements being of a similar 
nature to those of the ordinary goniometer, with the addition that the 
two circular adjusting segments movable in planes at right angles are 
graduated, as they are, in fact, in the case of the cutting-and-grinding 
goniometer described in Chapter XLIII. It can be used equally for the 
determination of the extinction angles in a zone of faces, in the search 
for the optic axes, and for the measurement of the approximately true 



rio. 835. — Universal Stage Apparatus of Klein. 


angle 2Va between the optic axes, in an immersion liquid of the same 
refractive index as the crystal. An additional holder, shown more to 
the right in the figure, carries, instead of the crystal directly, a couple 
of Adams hemispheres, between which the crystal is enclosed with a 
drop of the liquid, the liquid cell being discarded when this special fitting 
is used for the measurement of the optic axial angle. 

The Compensator of Babinet. — For the determination of the difference 
between the two refractive indices corresponding to the vibration 
(extinction) directions of a crystal-plate, that is, for the determination 
of the amount of its double refraction, a special fitting essentially 
involving a double-wedge plate of quartz and known as a Babinet 
compensator is employed. It is placed under (behind) the Nicol prism 
analyser in any form of measuring polariscope, but is most con- 
veniently used as a special positive eyepiece, carrying the quartz-plate 
compensator at its focal plane, on the crystallographic microscope. 
The analysing Nicol prism is then carried above the eyepiece. 
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The compensator of Babinet consists of two slender quarts wedges, shown very 
much thickened, diagrammatically, in Fig. 836, and in Fig. 837, above in genera! 
appearance and below in section, as constructed 
especially satisfactorily as an eyepiece for the mi- 
croscope by the Soci6t6 pour la Construction des 
Instruments de Physique k Geneve. 

The wedge „A.BC is cut so that the optic axis of 
the quartz crystal is parallel to the edge of the 
wedge, which is perpendicular to the page in 
the figure, as indicated by dots in the shading, 
representing lines seen end on. The other wedge 
ACD is made of equal angle and so that the axis 
is perpendicular to the edge of the wedge and 
parallel to the face CD. Two such wedges laid together form a parallel plate, which 
under crossed Nicols in parallel light when arranged at 45° to the vibration directions 
of the Nicols shows a black band in the centre parallel to the edge of the wedge, and 



E 
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Fig. 836. — Babinet Compensator. 



Fig. 837. — Babinet Compensator Kyepieoe. 


parallel spectrum bands on each side, separated by white interspaces and showing the 
usual sequence of Newton’s orders. Fig. 838 is a direct photographic reproduction 
of the screen picture afforded by a large Babinet double wedge, when placed between 
crossed Nicols on the stage of the projection polariscope (Fig. 633, page 863). This 
effect in white light is very much the same as that shown in Fig. 807 (page 1104), 
Chapter L., as produced by the four-wedges biquartz, the only diflEerence being that 
the bands are there produced by thicker wedges and by utilising the optical rotational 
property of quartz, whereas here it is the double refraction which is utilised. In 
monochromatic light Babinet’s compensator shows equally spaced dark bands with 
luminous interspaces. When the Nicols are parall#! and white light is used, a white 
band occupies the centre, and the colours of the other bands are complementary to 
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those exhibited when the Nicols are crossed. In monochromatic light, dark bands 
occupy the places where with crossed Nicols the bright interspace-bands occur. 

The wedges are not cemented together, in the actual compensator, but are separated 
by a sufficient air layer to permit of the movement of one of them parallel to its base and 



in the direction of its length, 
by means of a micrometer 
screw fumisheej, with a divided 
drum, the number of whole 
turns of which is also recorded 
by a scale on the rectangular 
micrometer box ; in another 
form of the compensator, sup- 
plied to the author by Fuess 
for use with the large No. la 
spectrometer - goniometer, a 
divided numbering wheel, 
which turns one division for 
one whole revolution of the 
screw, replaces the scale. One 
of the quartz wedges is fixed, 
while the other, the upper one 
in Fig. 837, is mounted on a 
frame moved by the screw, so 
that the wedge which it carries 
is caused to move one way or 


FiO. 838. — Interference Bands produced by Babinet 
Double Wedge between Crossed Nicols. 


the other over the fixed wedge. 
Just below the quartz a pair of 


parallel spider-lines are arranged, at the focus of the positive eyepiece, and the drum 
can be so set that its zero corresponds to the placing of the black band symmetrically 
between the two spider-lines, as shown in Fig. 891 in Chapter LVIL, in the case 
of other interference bands. When the zero of the drum is thus arranged to corre- 


spond to the adjustment of the black band, the indicator of the scale or wheel should 
also be opposite a division mark. The whole compensator is rotatable about the axis 
of the microscope ; it can readily, therefore, be placed so that the directions of 
vibration of the quartz are at 46® to those of the Nicols. 


When thus arranged at 45® with the crossed Nicols the dark band 
seen in white light, in the centre of the parallel coloured bands, corre- 
sponds to the trace of the plane of equal thickness, EF in Fig. 836, of 
the two wedges, where compensation is complete for all rays and the dark 
field of the Nicols prevails unaffected as the net result. For plane- 
polarised light falling on either face of the composite quartz plate at 45° 
is separated into two rays vibrating respectively parallel and perpendicu- 
larly to the optic axis, that is, to the horizontal rectangular edges of 
the plate. On entering the second wedge the directions of vibration 
are retained but the velocities are interchanged, the ray which travels 
the faster in the first wedge travelhng the slower in the second. 
Hence, if the thicknesses are equal there is no relative retardation of 
one ray behind the other, the sum of the two velocities for each ray 
being the same. As we recede from the centre, however, or as we move 
the line of equal thickness I&b we do in the compensator), differences 
of phase will more and more manifest themselves, and wherever the 
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difference amounts to a whole wave-length from the equality conditions 
of the central line there will be another dark band in homogeneous 
light, or a spectrum band in white light owing to the distances from the 
centre for the extinction of light of particular wave-lengths being different. 
When the Nicols are parallel the black bands in monochromatic light 
occupy the points corresponding to A/2, 3A/2, 5A/2 and so on. That 
is, with Ni(!ols crossed black bands occur at intervals corresponding 
to even multiples of the half wave-length, and with Nicols parallel to 
odd multiples of the half wave-length. 

The Fuess Microscope. — The Dick method of simultaneously rotating 
the Nicols has now been adopted by Fuess in the more recently con- 
structed and truly excellent models supplied by the firm. The fine 
instrument shown in Fig. 839 was constructed by Fuess for J. Hirschwald.^ 
It has the novelty of a second inner body-tube, which is rotatable 
and carries with it the eyepiece a (which is shown separately to 
the left in Fig. 839, as the main figure shows the Abbe camera 
lucida in position covering the eyepiece, as described in the next 
section), the analysing Nicol h which is mounted in the old place just 
above the objective, in order to avoid restricting the field, and the Bertrand 
lens c; the polarising Nicol d also rotates simultaneously with it, the 
rotation being effected either by the large toothed wheel e which rotates 
a smaller one / attached to the shaft g, or by the similar large wheel h 
at the lower end of the shaft and which carries the polarising Nicol. 
Sometimes it is inconvenient to rotate the eyepiece, and in this case it 
can be locked to the outer body-tube by the arrangement shown at i. 
When unpolarised light is desired, the analysing Nicol h can be pushed 
out of the two body-tubes by means of a spring handle j. Also, the 
polariser may be kept stationary, while the analyser and eyepiece with 
its cross-wires rotate, or the polariser and the eyepiece may both be 
maintained stationary while the analyser alone rotates. The eyepieces 
employed on this instrument afford a much larger field than the older 
ones supplied by Fuess, so that equal results may be obtained with lower- 
power objectives, and with very little loss of definition. The Bertrand 
lens can, of course, be pushed out of both tubes when convergent light 
is not required. A further novelty on this microscope is an electric 
glow-lamp mounted above and to one side of the stage in a small tube k 
closed by a condensing lens, in order to effect the illumination of opaque 
crystals from above ; it is held in such a manner by the fitting I as to be 
readily directed in the most favourable manner for attaining the 
illumination desired. 

The Becke Drawing Table and Abbe Camera Lucida. — For the 

microscopic investigation of crystals by the methods which have been 
described and recommended by F. Becke * a camera lucida and drawing 
table are required, and in the form in which these further accessories 
are constructed by Zeiss they are also shown in Fig. 839, as combined 
with the Fuess crystallographic microscope just described. The method 

1 CmtraMait fur Mineral,^ 1904, 20, 620. 

* Teohennak’s Min. petr. MiUheil, 1894, 14, 663 ; 1896, 16, 180 ; 1906, 24, 36 
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of Becke consists essentially in preparing a graphical representation on 
a stereographic projection of the optical phenomena observed with a 
crystal-plate, as will be more fully described in the next chapter. By 
means of an Abbe camera lucida the interference figure in convergent 



Fig. 839. — The Fuess Crystallographic Microscope, with latest improvements by Hlrschwald, 
and the Abbe (’amera Lucida and Becke Drawing Table in Position. 


polarised light is rendered simultaneously visible with the drawing paper 
laid on a small rotatable drawing table, arranged on the large base-board 
on which the microscope is mounted ; this drawing table can be accurately 
centred by means of three screws placed at intervals of 120®, or two 
screws at 90®. The rotating, plate of the drawing table has a series of 
concentric circles engraved on it, in order to facilitate rapid centring and 
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to obtain identity of the axis of rotation with the centre of the image of 
the interference figure. 

The camera lucida m is fitted over the eyepiece a, and is connected 
by means of a supporting arm n with an adjustable mirror o, which reflects 
the light rays from the drawing table p to the camera lucida, the 
phenomena visible to the eye looking down the microscope being thus as 
it were projefited on the image of the drawing paper, and the pencil point 
held on the latter will also be in focus at the same time. An accurate 


drawing of the appearance of the interference figure can then be made. 
Such records enable geometrical constructions to be made and graphical 
methods of calculation to be employed, which result in approximate 
determinations of the optic axial angle and other optical constants being 
arrived at in cases which would otherwise be hopeless. 

The Abbe camera lucida has the advantage of focussing both the 
drawing and the pencil equally, even under considerable magnification. 
The optical part consists of the “Abbe cube,” composed of two equal 
totally reflecting rectangular and 45° glass prisms, cemented together and 
placed at the eye position above the eyepiece. The cemented surface of the 
upper prism is silvered, except within a central circle of two millimetres 
diameter, through which the rays from the field of the microscope emerge 
to the eye looking through. At the same time the drawing table is 
reflected in the silvered mirror, together with the pencil in the observer's 
hand when drawing. The brightness of the image can be modified by 
a smoked glass, a small rack for three such smoked-glass plates being 
provided. The accuracy of the method depends on the faithfulness of 
the drawing, the precision with which the drawing is centred by the 
screws q, and the care with which measurements are subsequently made 
on the finished drawing. 

Spectroscope for Use with the Microscope.— An efficient yet very 
simple direct-vision spectroscope is furnished with the Dick microscope 
by Messrs. Swift, for the study of the absorption bands of crystals under 
the microscope. It consists of two parts, shown in Figs. 840 and 841. 

The first part (Fig. 840) is the direct-vision 



spectroscope itself, which is attached over the 
eyepiece, the large analysing Nicol prism referred 
to on page 1160 being fitted over it if desired. 
The second part (Fig. 841) consists of an ad- 
justable slit, which fits as a slider in the slot 


1 '^ 1 


FlO. 840.— Direct-Vision Spectro- 
scopic Attachment. 


Fio. 841.— Adjustable Slit of Spectroscopic Attachment. 


(w in Fig. 821) cut in the eyepiece tube. The construction will be 
obvious from the figure. Even crystals affording but relatively faint 
bands can readily be studied as regards thgir light absorption with the 
aid of this spectrwcopic eyepiece fitting. 
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Bausch & Lomb Research Microscope. — A description of a petro- 
graphic microscope constructed for research purposes by the Bausch & 
Lomb Optical Co., Rochester, N.Y., has been given by F. E. Wright to 
the Optical Society of America.^ The distinctive features are the follow- 
ing : a large Ahrens polarising prism ; a sensitive-tint plate mounted in 
a sliding carriage revolvable about the axis ; an aplanatic condenser, 
numerical aperture 1 *4 ; a sub-stage apertometer ; a rigid b^r connection 
for the simultaneous rotation of the two Nicols ; a sliding adjustable 
mount for two objectives, so adjusted that if one objective is in focus and 
centred, the second on insertion is also automatically focussed and centred ; 
a combination wedge ; negative and positive lenses below and above the 
polariser for the correction of astigmatism ; a swing-out lens above the 
Bertrand lens to ensure the formation of an image of the object plane in 
the plane of the iris diaphragm in the draw-tube ; a universal eyepiece 
with one-tenth millimetre co-ordinate scale, graduated quartz compen- 
sator, and biquartz wedge plate ; a small prism mounted in a slider below 
the eyepiece for observation of interference figures by the method of 
Lasaulx ; and a sliding diaphragm with eyepiece for observation of 
interference figures of small mineral-crystal grains. With this microscope 
it is claimed to be possible to m -.asure the optical properties of minute 
crystal grains and plates in thin sections with a degree of accuracy 
hitherto attainable only with much larger grains and plates, and in much 
less time. Refractive indices can be ascertained in grains only a few 
microns thick, and the double refraction and optic axial angles on grains 
only 0*01 millimetre in diameter, although of course larger ones are prefer- 
able if obtainable. The fine adjustment screw, moreover, reads to 0*001 
millimetre, without any backlash. The instrument is specially suitable 
for use in connection with many of the special methods of research with 
very small crystals, and especially with those contained in rock-sections, 
which are described in the next chapter. 

The Blicrosclerometer. — Reference has already been made in the chapter 
on Hardness (p. 539) to the elaborate instrument devised by T. A. Jaggar,* 
which he terms the microsclerometer. It is designed for the determina- 
tion under the microscope of the hardness of crystals which may either 
be ordinary small individuals or section-plates of such, or those contained 
in the thin sections of rocks. Indeed, any crystal or plate not too large 
to be dealt with on a microscope stage is suitable, and the surface investi- 
gated may be either that of a natural face or that of a ground and polished 
section-plate. The essential principle is that a diamond point is rotated 
at a uniform rate on the orientated crystal face or section-plate, under 
a uniform load, and to a uniform depth of abrasion or penetration. The 
number of rotations varies as the resistance of the material to abrasion 
by diamond, and is a measure of the duration of the abrasion. The 
instrument is shown in Fig. 841a above in plan, and below in elevation. 

It consists of a balance beam with a rotatory diamond carried below 
one end, clockwork apparatus for rotating the diamond at a uniform 

* Journ. Opi^cal Soc.^ America, 1917, 7, 16. 

® Amtr. Jour, of Science, 1897, 4, 399. 
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is carried by the outef rotatable cylinder of the column T with flanged 
base / rising from the block F, the amount of rotation being measured 
by the screw with graduated head R. The screws t, t\ and n enable 
fixation of the whole stand to be effected in the desired position. The 
rotating gear, the pulleys P and their axle q and yoke for the diamond 
D is supported below by an extension of the foot-plate-flange /, and 
above in a manner which will be clear from the figure. The balance 
beam h is double, pivoted at a, and counterpoised by a weight adjustable 
by the screw c ; the smaller pulley p 2 diamond-rotating gear is 

accommodated between the two bars of the beam. The indicating pointer 
of the beam carries also a counterpoise h for all the upper gear. 

The diamond D is a cleavage tetrahedron with a perfect point. The 
cleavage tetrahedron may be obtained in duplicate in great perfection 
among the “ cleavings ” used for making diamond cutters and pencils, 
and such tetrahedra are specially valued for their sharp points ; as each 
has four points it is not difficult to find a point of perfect form from 
among a very few specimens. The points should be turned upwards 
successively under the microscope, and examined with a high power, 
until one is found which shows the three edges converging to a sharp 
point to the uttermost focussing power of the microscope. The selected 
one is centred rigidly in its brass mount by first soldering it in, and 
afterwards trimming the metal around it on the jeweller’s lathe, leaving 
the right amount of diamond exposed. The mount in turn is fixed in 
a chuck, by three radial screws, carried at the lower end of the pulley 
axle, so that the diamond projects downwards below the end of the 
balance beam. The little pulley p 2 is connected with the driving pulley 
P by a silk band, and to prevent the tension of the band from interfering 
with the balance beam two small pulleys and p^ rotating in the pivot 
axis are added, the two portions of the band being parallel between 
these pulleys and p 2 . Two weighting pans w are carried, one on each 
side, for the definite loading of the beam end and diamond, leaving room 
between them for the microscope objective to be focussed down on to 
the Zeiss micrometer scale on glass w, carried at the extreme end of the 
beam. The rotations are recorded by the parts lettered ^, z, and 1. The 
driving is best effected by ordinary clockwork, so as to ensure uniformity 
of rate. The balance and recording apparatus can be simultaneously 
locked by a half-revolution of the screw L, the adjustment screws k 
assisting to determine the locking position ; the rotation of L causes an 
excentric e to press upon both the beam-bar h and the spring-lever I 
which controls the indicator i. 

It is arranged that the micrometer scale m is visible in the field of 
the microscope at exactly 10 mm. from the axis of rotation of the diamond 
point D, and that this is one-sixth of the distance of the latter from the 
balance beam pivot a. Hence, if the microscope be focussed on the 
micrometer before and after the boring with the diamond, the depth 
measured by the fine adjustment screw of the microscope will be seven- 
sixths of the actual depth bored. Rotation of m is then effected until 
the scale stands at right angles to the beam, and tl^en tilted slightly 
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until under a high power only one graduation mark at a time is visible, 
and that a distance of 0-01 mm. of downwards or upwards focussing is 
necessary to bring each successive line into focus. Then as the diamond 
bores, it can be followed and the depth of boring thus measured. 

In making a determination the crystal face or plate is fixed on the 
stage and viewed by the microscope under a low power, and the place 
selected foi ‘Attack by the diamond is centred. It is then moved along 
10 mm., so as to be exactly under the diamond when tlie latter is brought 
into position, when the lock L is released, and the diamond allowed to 
rest on the crystal, while the micrometer m, at its tilt for 0 -01 mm. intervals, 
is focussed under a high power, so that the lower of two lines near the 
centre of the field is in focus. L is first locked while the rotation is 
started with the clockwork at a uniform speed ; L is then unlocked and 
the boring commenced. The uniformity of the rate is indicated by the 
movement of the index hand of i, the initial position and number of 
revolutions of which must be recorded. The micrometer focus is also 
watched under the microscope, and when the next upper micrometer line 
appears sharp, and the depth of boring is consequently 0*01 mm., the 
lock is closed and the clockwork sto})ped. 

The action of the diamond is slow, and there is a rapid increment of 
resistance with increased depth, owing to the increase of the surface of 
abrasion. With a weight of 10 grammes and a rate of 10 revolutions 
per second, it required 3000 revolutions to penetrate to a depth of O-Ol mm. 
in an ordinary cover glas.«, the test thus occupying 5 minutes. A weight 
of 10 grammes is a fairly average useful one ; it is too little for the minerals 
much harder than glass, but too much for the softer substances. Hence, 
a somewhat greater weight is convenient in the former case, and a less 
one in the latter case. 

Microscope for Higher Temperature Work and for the Study of Liquid 
Crystals. — This chapter on the crystallographic microscope may well 
close with a brief description of an instrument specially adapted for 
microscopic work on crystals at higher temperatures. It is shown in 
Fig. 842, and is (*onstructed by Messrs. Steeg & Heuter of Homburg; 
it is jTarticularly suitable for the study of the remarkable liquids which 
afford the phenomena of “ liquid crystals,” which have been so ably 
studied by Lehmann, and an account of which will be given in Chapter LX. 

The whole instrument and its heating and cooling arrangements are 
designed to effect changes of temperature as rapidly as possible con- 
sistent with safety. Every precaution is also taken to protect the 
optical and finely constructed parts from the heat and from condensing 
vapours. Hence, it is possible with the instrument to continue the 
study of the phenomena up to a low red heat. There are two object 
stages, the lower completely covered one being divided into single 
degrees, and rotatable. The upper one may be rotated with or 
independently of the lower, and is removable to facilitate thorough 
cleansing after the operations. There are provided two blow -pipe 
gas jets, two cooling air jets, one for slow an^l the other for rapid cooling, 
together with the»necessary gas and blow-pipe connections provided with 



1172 


CRYSTALLOaBAPHY 


PART III 


finely adjustable taps. Between the polarising prism and the stage a 
capiUary-tube ring of miniature gas jets can be inserted, and the rise of 
temperature may be effected either with great slowness or very rapidly, 
as desired. The usual fittings, such as an analysing Nicol, Bertrand lens, 
convergent light condenser, all readily detachable together with a coarse 
and a fine adjustment, are all given on this useful microscope, with which 
most of the experiments described by Lehmann may be repeated. 




Fig. 842. — SteeK A Reuter Microscope for the Study 
of Crystals at Higher Temperatures. 


FiQ. 843.— Zeiss Microscope for Higher 
Temperature Work. 


A very efficient microscope for higher temperature work, especially 
suitable not only for the study but for the projection of the phenomena 
of the so-called “ liquid crystals,” has also been perfected by Zeiss. 
Its latest form is represented in Fig. 843, as arranged for projection 
experiments, the eyepiece shown separately to the left at A being replaced 
by an adjustable mirror for, projecting the image of the microscope field 
on the screen. A detailed description of the instrument will be given in 
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Chapter LX. in connection with the discussion of the work and demon- 
stration experiments of Lehmann. 

Projections with the Blicroscope. — The Dick microscope, when 
supplied with larger polarising and analysing Nicols than usual and a 
set of projecting eyepieces, as in the case of the author’s instrument, 
may be en^iployed for screen projections of ordinary temperature 
crystallographic phenomena, when a disc not exceeding three feet in 
diameter is desired. It is also eminently suitable for photographic 
projection purposes, as already mentioned. 

But screen projections on a larger scale with the polarising microscope, 
which have ever been difficult on account of the large amount of light 
lost by polarisation, may be very efficiently carried out with the form 
of projection polarising microscope shown in Fig. 844. It is very simple, 
yet the author, who has spent much time in investigating all the possible 
methods of screen projection of optical phenomena, and in personally 
testing all the apparatus yet introduced for the purpose, finds it more 
efficient than any other. A 6- to 8-feet disc may readily be obtained 
brilliantly illuminated, of crystals in polarised light, employing a Newton 
IJ-inch projection objective ; moreover, almost equally good results are 
obtained with the -j^gths-inch higher-power Newton projection objective. 
No eyepiece, but an adjustable sub-stage condenser also supplied by 
Messrs. Newton is used, to concentrate the parallel beam received from 
the polarising Nicol, The latter, with its parallelising concavo-convex 
lens at the lantern end, the lantern itself with its condenser imd water- 
cell in front, are precisely as already described in Chapter XL. for ])rojec- 
tions in polarised light, but the .second large analysing Nicol may be quite 
well replaced by a smaller Nicol, such as is shown at the extreme right 
in Fig. 844, in position after the objective ; for the beam is very narrow 
as it leaves the objective. As a matter of fact there is practically nothing 
to choose between the screen effects produced with the large or the small 
analyser, so that whichever is moat convenient at the moment can be used. 
The microscope fitting is simply arranged as an additional accessory on one 
of the adjustable stands sliding in the guiding-bed basal plinth or lathe- 
bed of the projection apparatus, the particular stand having a longer base 
(parallel to the bed) than the others except the Nicols, in order to secure 
rigidity. Tiie stout carrying rod rising from within the hollow sup- 
porting column, in which it is adjustable for height by a fixing screw, 
terminates above in a horizontal tube with flanged head, the two forming 
a T-piece. The cylindrical bracket-column (arranged horizontally) of the 
microscope fits within this tube, and is secured to the flange by two 
milled headed screws. The objective and analysing Nicol are carried by 
a second bracket, the column (also horizontal when in position as in 
Fig. 844) of which is of triangular section fitting and moving by rack and 
pinion in a similarly shaped boring in the fixed bracket - column just 
referred to, which carries the stage and sub - stage condenser. The 
objective may thus be racked to the proper focus in the usual manner, 
a circular metal plate being provided immlsd lately after it to ward off 
from the screen •any stiay reflections from the illuminated object or 
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parts of the apparatus. The fitting of the small Nicol is hinged so 
as to enable it to be rotated out of the way when not required. The 
stage is rotatable and graduated, and the sub-stage condenser in its 
mount is adjustable in an outer tube to the most efficient position found 
by experiment to give the best results on the screen. With the ready 
means afforded by the adjusting table of the lantern lamp for centring the 
electric arc, and for adjusting its distance from the condenser, every 
desirable adjustment of the illumination is provided for 



Fig. 844,— Arrangement for Screen Projection with the Polarising Mlcroscoiie. 


The above microscope fitting may be also attached directly (by means 
of the wide cap which forms the left extremity of the sub-stage condenser 
tube) to the front of the water-cell when it is not desired to employ 
polarised light, but for crystallographic purposes this latter is usually 
desirable and necessary, so that the arrangement shown in Fig. 844 is the 
most convenient one. It has the further advantage, besides being simple 
and involving few lenses with the corresponding few occasions for loss 
of light by reflection, of keeping remarkably cool, beiftg sufficiently far 
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removed from the lantern, and being unenclosed in restricting and 
un ventilated tubes. 

Provision is also made for use of the fitting vertically upright, for 
experiments involving the direct projection of crystallisations from 
solutions. The stout columnar supporting rod (shown in Fig. 844) 
which passes down into the hollow column of the stand is replaced for 
vertical work by a longer column, and the tube and flaqge for the reception 
and fixation of the microscope bracket-column form a vertical rigid 
continuation of the column itself. The fitting is thus raised also sufficiently 
high to enable an adjustable mirror to be fitted to the column at the 
height of the polarising Nicol. The parallel beam of light is reflected by 
the mirror vertically upwards through the sub-stage condenser and 
microscope, and the light rays issuing upwards from the latter are 
projected to the screen by means of an adjustable totally reflecting 
rectangular prism, which is suspended by a bracket just over the polariser. 
Some loss of light is always inevitable in vertical reflected projection, 
but the results are still adequate as regards illumination with a 6-feet 
disc, and very brilliant with a 5-feet disc. 

The Zeiss heating microscope shown in Fig. 843 may very con- 
veniently be used with the electric lantern disposed as in Fig. 844, for 
the projection of “ liquid crystals ” or other experiments with crystals at 
higher temperatures. The water-cell is left in position on the lantern 
front, but the large Nicol and the author’s projection microscope are 
removed and the Zeiss microscope substituted, raised on a rigid stand 
to the right height above the plinth bed. The concavo-convex 
parallelising lens is detached from the end of the large Nicol, and 8e))arately 
carried on one of the adjustable stands, in order that a parallel beam of 
light from the lantern may be directed to the mirror at the foot of the 
microscope. The light is thence reflected upwards through the microscope 
to the mirror at the top of the latter, which is rotated and inclined to the 
right position which enables it to direct the rays to the screen. 



CHAPTER LIIT 


OBSERVATIONS AND MEASUREMENTS WITH THE CRYSTALLOGRAPHIC 
MICROSCOPE 

A GREAT deal of attention has lately been given to the determination of 
the characters of minute crystals, with the view of rendering the results 
more than merely approximate and more comparable with those 
obtained with crystals of larger size on the first-class measuring instru- 
ments described in the foregoing pages. The work of F. Becke, Fedorov, 
Klein, and F. E. Wright stands out prominently in this domain, all of 
whom have devised microscope details or stage instruments, and the two 
first mentioned of whom have elaborated original methods of attack, 
which enable the optical constants of minute crystals or crystal fragments 
to be determined with a remarkable degree of accuracy, considering the 
difficulty of the undertaking. The stage goniometer of Miers and the 
other useful fittings which, as well as the stage and other accessories just 
referred to, have been described in the previous chapter, together place at 
the disposal of the crystallographic investigator methods of far greater 
accuracy than formerly, and no investigation need be abandoned because 
of the minuteness of the crystals available. 

Measurement o! Crystal Angles with the Microscope.— The Miers 
stage goniometer may be employed for the measurement of the angles 
of microscopic crystals by the “ illuminated-face ” method or “ Schimmer- 
methode ” of Brogger. The rays from a small collimating lens, with 
a bright spot or slit as source of light at its focus, are directed on the 
miniature crystal adjusted on the wax at the needle end of the axis 
of the stage goniometer, and the zone of faces to be measured is adjusted 
till the maximum brilliancy of illumination of eacK face is observed on 
rotation of the crystal axis of the goniometer. The angular position of 
each face is then determined by rotating the circle with the crystal till 
the face becomes just bright. It is then rotated further until the 
illumination of the face just disappears. Two or three further approaches 
are then made to these two positions, from the two respective sides. The 
mean of an equal number of readings for these positions on the two sides 
of maximum illumination will then give a very fair approximate value 
for the position of the face, when the latter, although minute, is good. 

Another interesting and niore accurate method of measuring crystal 
1176 
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angles under the microscope has been devised by Fedorov, for use with 
his universal stage (Fig. 834, page 1161), but which is equally applicable 
for use with the Miers stage goniometer. A black cross is marked on 
the under surface of the microscope objective to be employed, and light 
is reflected down the microscope axis from a lamp placed to one side, 
by means of a glass plate, of the character of the Gauss ocular or the 
Becker fitting’ described on page 41 and illustrated in Fig. 24. When 
the crystal is adjusted, on a special crystal-holder which replaces the 
central glass hemisphere of the stage, with a face perpendicular to the 
microscope axis, and is clearly focussed, the cross is invisible ; but on 
lowering the microscope so as to halve the distance between the crystal 
face and the objective — which is accurately possible with the aid of the 
scale (shown in Fig. 824) on the guide of the slider of the body-tube 
worked by the coarse adjustment, or if a higher power is being used by 
means of the graduated head- wheel of the fine adjustment—the cross 
becomes visible by reflection from the face, and can be used as a signal 
and placed to the cross-wires. The crystal is then rotated until the next 
f^ice of the zone adjusted affords a similar reflection, and this also is placed 
to the cross-wires, tlie angle of rotation being measured on the goniometer 
vertical circle Vj in Fig. 834, representing the universal stage, or the circle 
of the Miers stage goniometer, in the usual manner. The Fedorov 
universal stage may be regarded as a three-circle goniometer applied to 
the microscope, while the Miers stage goniometer is the ordinary single- 
circle goniometer similarly adapted for microscopic measurement. Owing 
to the difliculty of resetting a minute crystal on the needle-holder of the 
latter, and the obvious advantage of reducing the number of such settings, 
required for the measurement of a number of zones, tlie universal stage 
has here a considerable advantage, however. 

The goniometer eyepiece shown in Fig. 829 may also be used to 
measure the crystal angles in any zone of faces on a tabular crystal so 
small as to be best investigated under the microscope, when the faces 
in question are perpendicular to the tabular plane. The method has 
been adequately described on page 1168 of the last chapter. 

The Determination of Refractive Indices with the Microscope— (a) 
Methods of the Due de Chaulnes and of Sorby. — The mean refractive index 
of a birefracting crystal, or the absolute refractive index of a cubic crystal, 
can be determined under the microscope by the method of the Due de 
Chaulnes. This depends on the fact that the focus of a microscope alters 
when a transparent plate with truly plane and parallel surfaces is intro- 
duced between the objective and the object focussed. The amount of 
the change d is connected with the thickness t of the plate, and with the 
refractive index /a of the substance of which the plate is composed, by the 
formula : 

t 

Let ah c dm the first drawing (a) of Fig. 846 represent such a plate, 
and F be the foaus of the microscope when the plate is absent. When 
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the plate intervenes the rays from the focus F appear to come from the 
point F', and the microscope has to be withdrawn by the amount FF'. 
The case before us is where F lies on or in contact with the lower surface 
of the plate. The apparent thickness t' of the plate, where t' = t-d, is 
the quantity experimentally determined by focussing first the upper 
surface — utilising surface jiolishing marks or dust particles, or better still 
marks silvered on the plate, as objects to be focussed — and fhen the lower 
surface as seen through the plate ; the real thickness t of the plate is also 
measured either before or afterwards with the aid of a thickness measurer, 
such as that described in Chapter LVII. and illustrated in Fig. 893, or else 
with the microscope itself used as a thickness measurer. In tlie latter case 
the ordinary microscope stage is covered by a thick slab of truly parallel 
glass, bearing a scratch or other defining mark such as a little engraved 
ring in the centre, as reference mark to be focussed. The plate of the 
crystal is then laid on this glass slab, taking care to exclude air by sliding 



Fio, 846. — Principle of de Chaulnes, and Conditions in the Microscopic Determination 
of Refractive Index. 


the crystal-plate on, and its upper surface is then focussed by its polishing 
scratches or natural markings. The fine adjustment is employed in 
moving the microscope between the two focussed positions, and the 
difference of the readings of the divided head and the total number of 
its whole revolutions afford the required thickness. When the crystal- 
plate is thicker than the extent of the fine adjustment movement the 
scale of the coarse adjustment can also be requisitioned, but usually 
this will be unnecessary. Now it can be proved that i=ixt\ Hence, 

In the actual determination, when accurate results and not a mere 
approximate value are desired, a fairly high power requires to be used, 
not lower than a frds-inch ; and the plate must not be too thick to 
permit of the lower surface being focussed by such a power. The 
excellent fine adjustment of the Dick microscope, reading to the 
thousandth of a millimetre,.^ is particularly convenient and suitable for 
the measurement under these circumstances. The conditions are clearly 
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exhibited at {b) in Fig. 845. A reading is first taken for the focus of the 
reference mark F on the basal slab B, laid on the ordinary stage A ; 
the crystal-plate C is then laid in position and the mark refocussed by 
raising the microscope and its objective 1) by the necessary amount 
FF', that is d, and a second reading is taken for this }) 08 ition ; lastly 
the upper surface of the crystal-plate is focussed and a third reading 
taken. The Sifierence between the first and third readings gives t, the 
real thickness of the crystal-plate, while that of the second and third 
gives t\ the apparent thickness of the j)late, as will b(‘ evident from the 
drawing {h) of Fig. 845. Then the desired refractive index of the crystal 
fjL -is at once obtained by dividing t by t\ The amount of raising, the value 
of d = increases not only with the thickness of the plate but with 
the refractive index. 

When the crystal is a doubly refractive one, it will obviously only be 
the mean refractive index which will be afforded by this determination. 
Sorby ^ in the year 1877 endeavoured to render it possible to determine 
the two different refractive indices of the two transmitted rays by use 
of a glass micrometer or crossed grating, consisting of fine lines ruled 
y^^th of an inch apart in two directions at right angles to each other. 
For the two sets of lin(‘s focus at different positions, the theory for 
which was worked out by Stokes. An excellent account of Sorby’s 
work, brought up to the year 1909, appeared in the M inemlcxjical 
Mafjazine for that year,^ the manuscript of which was pre])ared for the 
press by Sorby lumself during his last illness. Tlu' lattice-jdate was 
placed some little distance underneath the stage, with an iris dia])hragm 
just above it and an achromatic condenser provided with a small stop 
immediately above, which focussed the lines at about the level of the 
stage. Below the grating a rotatable Nicol prism polariser could be 
thrown in or out of position, and an analysing Nicol similarly over the 
eyepiece. A caj) pierced by a small hole was fitted over the objective 
in order to reduce the residual spherical aberration by stopping down to 
an aperture of 13°, and also a second cap was arranged to act as a 
semicircular stop, in order to cut off half the area of the objective 
field in any desired direction, the aperture of the front lens being 
circular. A scab; and vernier attached to the stand and body - tube 
of the microscope completed the essentials. The reduced image of 
the lattice and of the aperture of the iris diaphragm, the latter 
adjusted to the most suitable small opening, could thus be readily 
focussed by the condenser on the under or upper surface of the plate 
of the doubly refracting crystal, or anywhere in its interior. According 
to the orientation of the section-plate with respect to the original crystal 
the appearances of such a grating are characteristically different. 

For instance, when a plate of calcite cut perpendicularly to the axis 
is laid on the microscope stage and the grating examined through it, 
there are two positions, one exactly above the other, at which the 
image of both sets of lines of the lattice - grating is focussed by the 
microscope, rotation of the plate in its own plane making no difference. 

^ Mineralog. Jtfag., 1877, 7, 97, * Ibid., 1909, 15, 189 
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A cleavage plate of calcite, however, affords two images separated 
along the direction of the principal section of the plate, the one corre- 
sponding to the ordinary ray being in the centre of the field, and 
affording the ordinary index a> = 1-658. On rotating the plate in its 
own plane, this latter image remains central and undistorted, while the 
other corresponding to the extraordinary ray moves with the principal 
section and is elongated and coloured at the edges. When the 
principal section is parallel to either set of grating lines that set is 
alone visible, and the microscope tube has to be raised or lowered to 
focus the two images in such rectangular jwsitions. The extraordinary 
image is thus bifocal, and is thereby distinguished from the ordinary 
image, which is unifocal, both sets of lines being simultaneously visible 
in the light of the ordinary ray at one and the same focus. The 
Nicol analyser can conveniently be used to discriminate between the 
ordinary and extraordinary images. The extraordinary image, of 
which the lines are parallel to the axis, is well defined and indicates 
an index of refraction of the value 1*412, while the image composed 
of lines perpendicular to the axis is blurred, the lines appearing as 
coloured bands in white light, but in red light they are sharp and 
afford the refractive index 1-578. The true extraordinary index is 
intermediate between the two, namely, 1 -486. Hence the extraordinary 
image is truly bifocal. 

A plate of calcite parallel to the axis shows three images lying over 
each other, which are best separated by use of the Nicol prism analyser 
over the eyepiece. When the vibration direction of the Nicol is j)erpen- 
dicular to the axis of the crystal the ordinary image only is seen, and both 
sets of lines are equally focussed at once, and afford the ordinary index 
0 ) = 1-658. When the Nicol is arranged with its vibration direction 
parallel to the axis only the extraordinary images are seen, one set of 
lines at one focus and the other at another, the image of the diaphragm 
being elongated in perpendicular directions for the two positions. 
When the lines are seen parallel to the axis the true extraordinary index 
€ = 1 -486 is afforded. The index for the perpendicular direction is no less 
than 1-868, which agrees with the calculations of Stokes. The order 
of the three foci below one another, on lowering the microscope tube, is 
as follows : (1) the extraordinary image elongated perpendicularly 
to the axis and with only the lines perpendicular to the axis visible, 
(2) the ordinary image, (3) the extraordinary image elongated parallel 
to the axis and with only the lines also parallel to the axis showing. 

The section-plates of calcite employed by Sorby in these interesting 
experiments varied from 0-3 to 0-4 inch in thickness. The objective 
found most convenient was a |-inch, with a No. 2 eyepiece. The use of 
the semicircular stop over the objective front lens has the effect of 
causing the ordinary ray to be well polarised in a plane perpendicular to 
the edge of the semicircular stop, and the extraordinary ray in the 
opposite sense, thus facilitating their identification. 

It is remarkable that although quartz has such a weak double 
refraction it can be clearly recognised by Sorby’ei method. In a 
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section of an inch thick, cut perpendicularly to the axis, it is just 
possible to distinguish two foci, and in one cut parallel to the axis to 
see that there is both a unifocal and a bifocal image. 

In the case of a plate of a biaxial crystal — rhombic aragonite and 
barytes being good examples investigated by Sorby, section-plates about 
fths of an inch thick having been used — cut perpendicularly to one 
of- the principal axes of the optical ellipoid, two bifocal images are 
always observed, comparable to the two extraordinafy images seen in 
the case of calcite or other strongly doubly refractive uniaxial crystal. 
In the case of calcite cut perpendicularly to the axis neither the 
ordinary nor the extraordinary image is polarised, unless the semi- 
circular stop be used in front of the objective ; but in the case of a 
biaxial crystal cut perpendicularly to an axis of the ellipsoid the 
phenomena resemble more closely those seen in a plate of calcite cut 
parallel to the axis, where the extraordinary ray is clearly bifocal, 
which it is not in the case of the section perpendicular to the axis. 
Also with a biaxial crystal both the rays have this bifocal extraordinary 
character. The phenomena with biaxial crystals are thus very compli- 
cated, there being usually four different apparent indices of refraction. 
From the total results with several plates cut })orpendicularly to at 
least two axes of the ellipsoid Sorby was able, however, to calculate 
the three true indices, a, and y, from these a])parent indices, with 
very fair accuracy to the third place of decimals. 

The following laws were eventually arrived at by Sorby as to the 
general relations between the images observed and double refraction : 

1. Crystals having no double refraction have no bifocal image. 

2. Crystals having one axis of double refraction have one bifocal 
image. 

3. Crystals having two axes of double refraction have two bifocal 
images. 

4. Other circumstances being the same, the distance between the 
foci varies directly as the intensity of the double refraction, and directly 
as the thickness of the specimen. 

The only exceptions are in the cases of very strongly dichroic 
substances like tourmaline, in which one ray is absorbed ; tourmaline 
transmits only the extraordinary bifocal image, the ordinary ray being 
invisible through very dichroic green specimens, although slightly visible 
in less dichroic specimens. 

There is no difficulty in carrying out Sorby’s method in the cases of 
unifocal images, such as either the single one of a cubic crystal, or the 
ordinary image of a non-dichroic uniaxial crystal. For the apparent 
index of refraction is here also the true index, whatever be the orienta- 
tion of the plate. 

In the case of the single extraordinary bifocal image of a uniaxial 
crystal the true extraordinary index fj,' can be conveniently determined, 
when the section is either parallel or perpendicular to the axis, from the 
equation /x'= v^A/a, in which A is the apparent index, the ordinary 
index /x being fiipt determined and the two images being distinguished 
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by use of the semicircular stop over the objective. When the section is 
parallel to the axis, the apparent index a for lines parallel to the axis 
and perpendicular to the plane of polarisation is actually the true 
index fx' of the extraordinary ray ; it may also be calculated from the 

other apparent index h by means of the equation = The value of 

jx' is thus obtained in duplicate from two different measurements, and 
when the results are concordant the mean may be accepted as the truth. 

When the crystal has two bifocal images, polarised in opposite planes, 
as in the cases of biaxial crystals, giving the four apparent indices 
a. b, c, d, the three true indices of refraction fx, jx', p," may be either 
directly observed or calculated, when the section lies in the plane of any 
two of the three axes of the crystal. The apparent indices a, 6, c, d 

then become respectively - /x', /x, ^ . The apparent indices b and c 

/X fx 

for lines perpendicular to the plane of polarisation arc thus the true 
indices /x' and )lx, while /x" may be determined from the values of a and d 
by means of the equations /x" = s/ ajx' and /x" = 

In the cases of determinations with crystals covered with thin glass 
cemented by Canada balsam, allowance is made for the combined layer 
of glass and balsam by deducting 0*53 of its value from both t and d ; 
for the index of refraction of the combined layer is 1‘53, and the focal 
length is therefore increased 0*53 for every 1*00 in the apparent thick- 
ness of the glass as measured by looking through it, the upper surface 
being focussed with the aid of dust particles, and the lower one by 
means of the markings or scratches on the surface of the crystal. The 
value of t must, of course, be reckoned from the apparent upper surface 
of the crystal and not from the top of the cover-glass. 

Monochromatic light is essential to accuracy with the method ; Sorby 
used a red glass, which gave results for the middle of the red end of the 
spectrum. 

Section-plates need not be cut if there are natural crystals available 
with two opposite sufficiently flat faces ; and it is only necessary that 
in some one part the crystal should be adequately transparent over a 
surface which need not exceed ^\yth of an inch square. Perfect freedom 
from impurities is by no means essential, many good observations being 
possible with specimens loaded with fluid cavities and minute crystal 
or granular enclosures. But it is of prime importance that the crystal 
should not have a laminar or fibrous structure, giving rise to optically 
discontinuous planes, as they produce distorted images by internal 
reflection. Irregularities of surface may be almost completely overcome 
by enclosing the crystal in a liquid of approximately the same refractive 
index between the thick supporting glass and the cover-glass. But it is 
usually advantageous to polish the faces, if results of high accuracy are 
desired. The crystal or section-plate employed should have a thickness 
somewhere between the limits of jVth and J inch, and if the orientation 
of the section be not known' it can often be ascertained by the direction 
of elongation of the extraordinary images of the iris dieiphragm, reduced 
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to a small opening in order to act as a spot of light. Indeed, Sorby 
recommends studying the images of this spot before passing on to observe 
those of the gratings and gives in his 1907 memoir a series of photo- 
graphic reproductions of their appearance with various crystals. 

The practical use of Sorby’s method, however, is not very great ; for 
crystals suitable for use by it arc usually procurable sufficiently large 
for the meauvrement of the refractive indices by the method of the 
GO^-prism or that of total reflection. It is highly* instructive and 
interesting, however, and may at any moment prove useful as a last 
resort. For further details of the interesting phenomena observed 
by Sorby with numerous minerals, the posthumously published 1907 
memoir (loc. cit.) should be consulted. 

(6) The Immersion Method. — The refractive indices of small crystal- 
plates and crystal-grains can be determined approximately under the 
microscope by observing the effects produced when they arc immersed 
in a liquid of as nearly as possible the same refractive index. The method 
appears to have been first used by 0. Maschke in the year 1871, and further 
elaborated by Schroder van der Kolk in 1892. If the index of the crystal 
be the greater, the crystal acts as a lens in increasing the convergence of 
the beam of incident light rays ; and conversely, if the refractive index 
be lower than that of the liquid, greater divergenc^e of the incident light 
is caused. If the objective be raised slightly from the position in which 
the crystal is focussed, the intensity of the light will appear to increase 
towards the centre of the crystal-plate or grain if the latter be more highly 
refracting than the liquid, a bright fringe appearing to wander towards 
the centre of the crystal. Conversely, when the liquid is more highly 
refractive the bright fringe wanders away from the centre until it forms 
a halo around the crystal when the objective is raised. A wide cone of 
light is to be deprecated, one of 5°-10® being ample, filling only one-half 
of the back lens of the objective. The aperture of the condenser should, 
therefore, be diminished by lowering it or by closing more completely 
the sub-stage iris diaphragm so as to form a very small stop, or best of 
all by doing both. A narrow beam of only feebly convergent and almost 
parallel light is then obtained, and differences of refractive index in 
different parts of the field are then more clearly visible. Frequently the 
light from a window subtending 5°-10° is found a very good source. 

The effect is much enhanced by causing the incident light to be 
obliquely incident. This is best achieved, in spite of many special devices 
of stops and diaphragms, by simply shading a portion of the field by 
placing the finger in front of the reflector or polariser. Only the lower 
power objectives are required or desirable, so that the relative refraction 
of the whole aggregate of crystal-sections in the field of an ordinary thin 
section (mounted on a micro-slip as usual) can be observed at once. The 
most accurate work is done with monochromatic rather than white light, 
however, an intense sodium flame being admirable for the purpose. But 
valuable colour indications are also obtained by use of white light. 

Supposing the finger to be used as above stated, to shade about one- 
half (one side) of ^he field, and that the cryUal under observation is in 
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the bright part or mostly so, the following facts are observed: If the 
refractive index of the crystal be higher than that of the liquid, the edge 
of the crystal-section adjacent to or partially within the shaded half will 
appear brighter than the surrounding field and the opposite (farther) edge 
will be darker. Conversely, the farther edge is brighter and the edge 
near or in the shade is darker, when the liquid is the more highly refractive. 
When both crystal and liquid have exactly the same refractive index for 
sodium light or for a middle yellow ray about wave-length 0*000555 mm,, 
and white light is used, the edge of the crystal nearest the shaded part 
of the field appears tinted orange-red, while the opposite edge appears 
pale blue coloured. It must be clearly understood, however, that the 
condenser has been lowered somewhat from its normal position, for this 
order of phenomena to be observed. If, however, the condenser be raised 
somewhat instead, the above appearances are reversed. Indeed, it is best 
to observe under both conditions, as one is then quite certain of the 
nature of the phenomena under observation, and that the position of the 
condenser is that which it was desired to be ; the second series of obverse 
phenomena also afford an excellent confirmation of the conclusions as to 
the relative refractive indices of the crystal and the liquid. The rule 
should be thoroughly tested with substances of known refractive indices 
before any original work is proceeded to. 

Another mode of stating the rule is as follows : When the obliquely 
incident light approaches from the left, a bright band of light appears 
on the right-hand margin of the crystal if it be more highly refractive 
than the liquid or other medium forming the rest of field, but on the left- 
hand margin if the crystal be of lower refraction than the field. When 
the light approaches from the right, the bright band appears on the left 
margin of the more highly refractive crystal, but on the right-hand margin 
if the crystal be less refractive. Or generally, in the case of excess refrac- 
tion on the part of the crystal, the concentration of light in a bright band 
appears on the opposite side of the crystal to that on which the light is 
incident, and on the same side if the crystal be less refractive than the 
liquid or other medium of the field. 

Liquids are generally more dispersive than crystals, and so if equality 
of refraction be attained for the middle of the spectrum, say yellow or 
green (about wave-length 0*000555 mm. is a good position to aim at), 
this equality is usually no longer true for the ends of the spectrum. For 
the red end the crystal will be more refractive, and for the blue end less 
refractive. Hence, the red rays are concentrated along one edge of the 
crystal-plate or grain, and the blue rays along the opposite margin, the 
crystal thus appearing fringed on its two opposite sides, near to the 
oncoming rays and away from them, with red or blue colour. If equality 
has been attained for about wave-length 0*000555 mm. the intensity of 
the two colours is equal. The red rays will be on the right edge and the 
blue rays on the left side of the crystal. 

As an additional proof that identity of refraction for the middle of the 
spectrum has been attained^ it will be observed, when the screening fingei 
is removed from between tiie reflector and the pola^iser and ordinary 
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illumination is permitted to occur, that when the objective is raised the 
red rays wander towards the centre of the crystal, while the blue rays 
recede away outside the margin all round, so that the crystal appears 
orange-red set in a blue background. On lowering the objective the 
reverse occurs, the crystal appearing pale blue and ringed round with 
reddish-orange colour. 

When md^dochromatic light is used, the refractive index can be 
determined by this immersion method to ± 0*001, and with white light to 
±0*005. 

If the crystal belong to one of the doubly refractive systems, as will 
most frequently be the case, the two refractive indices (if it be uniaxial) 
oj and €, or the three refractive indices (if it bo biaxial) a, jS, y, can be 
determined in turn by placing the polarising Nicol in position, and adjust- 
ing the crystal in successive positions such that each principal axis of the 
optical ellipsoid in turn is parallel to the plane of vibration of the light 
from the polariser. Usually the two refractive indices a and y' will be 
afforded by a casually orientated biaxial plate, corresponding to vibrations 
parallel to the two principal axes of the section of the ellipsoid by the 
plate, in accordance with Biot’s law (pages 897 and 1209). The principal 
refractive indices will only be obtained when the system or crystal-grain 
is normal to a bisectrix of the optic axial angle or an optic axis, or in 
general perpendicular to one of the three principal axes of the optical 
ellipsoid. 

The following set of liquids has been recommended by F. E. Wright 
for use in preparing a series of media differing from each other in regular 
stages by 0*005 of refractive index : 


Kcfractive Index 
for Na-llght. 

Liquid Mixture. 

1-450-1475 

Petroleum and turpentine. 

1-480 - 1-.535 

Turpentine and ethylene bromide or oil of cloves. 

1-540-1-635 

Oil of cloves and a - monobromonaphthalcnc. 

1-640 1-655 

a - Monobromonaphthaleno and a - monochloronaphthalene. 

1-660 - 1-740 

a - Monobromonaphthalene and methylene iodide. 

1-740-1-785 

Sulphur dissolved in methylene iodide. 

1-790-2-050 

Methylene iodide, arsenic sulphide, sulphur, and tin iodide. 


Each liquid is kept in a small dropping-bottle with ground-glass stopper 
and cap. Their refractive indices decrease by about 0*001 for every 
3° C. of rise of temperature. 

The oblique illumination method at once throws all the elements of 
the microscopic field into relief, and the contrast between the higher 
and lower refracting crystals is sharply brought out. For instance, 
lower refracting grains of orthoclase felspar in a thin rock section sur- 
rounded by the more highly refracting plagioclase felspar appear as small 
pits in the slide. Either a thin section, or powder (crystal-grains), mounted 
on a micro-slide in the liquid chosen, may boused. 

Determinations with an orientated section, normal or parallel to the 

VOL. n 2 F 
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optic axis (if uniaxial) or perpendicular to an axis of the ellipsoid (if 
biaxial), are always preferable, of course, if such sections can be found. 

(c) The Becke Line Method. — This is a method applicable to closely 
adjacent crystals in a thin section, or even in sections somewhat thicker, 
which enables their relative refractive indices to be determined. In 
conjunction with the immersion method it enables the absolute refractive 
indices to be determined, to about the same degree of accura'iiy as has been 
specified for oblique illumination by that method, namely, when sodium 
light is employed to ± 0*001, and with grains even so small as 0-01 milli- 
metre diameter. 

The field is illuminated by a narrow cone of light from the condenser, 
and is clearly focussed and regarded through a very small stop restricting 
the eye-hole of the eyepiece. The light is then seen to be concentrated 
along the margin of the more highly refractive of the two adjacent crystals 
under observation, and on raising or lowering the objective from the 
focussed position forms a definite bright band, fringe, or line, known as 
the “ Becke line ” owing to its first description by F. Becke. This intense 
band of white light, the Becke line, is observed during the movement of 
the objective to move more and more towards or away from the junction 
between the two crystals, parallel to the line of junction. The rule is 
that on raising the objective the Becke line moves towards (farther inside) 
the crystal of the higher refractive index. High-power objectives are 
best employed in this method of the Becke line, because of their higher 
numerical aperture and consequent sharper resolution in depth. If the 
aperture of the sub-stage condenser be not sufficiently decreased, the light 
is concentrated on both sides of the boundary plane, and two Becke lines 
are seen, moving in opposite directions, which is very confusing. The 
remedy is to reduce the aperture of the cone of illumination, just as for 
the oblique illumination method, by lowering the condenser and closing 
more completely the iris diaphragm. The same remarks as to the pre- 
ferable use of crystal sections normal to a bisectrix or to an optic axis, 
when obtainable, apply as for the oblique illumination immersion method ; 
the true refractive indices w or e, or a, and y, can then be determined 
directly. Otherwise only the refractive indices corresponding to vibrations 
parallel to the principal axes of the elliptic section of the optical ellipsoid 
by the crystal-section plane are afforded (law of Biot; see page 897). 
J. W. Evans recommends that the section be examined under parallel 
Nicols with the planes of vibration of the adjacent crystal-plates equi- 
distant from the principal Nicol planes. Owing to the high-power 
objective used, only two adjacent crystals can as a rule be examined in 
one field. 

The Becke white-line effect is less distinct when the two crystals are 
embedded in a medium, of markedly lower or higher refractive index, so 
that it is better to mount the section in a medium of about the same 
refractive index, and best of all of intermediate refractive index between 
the indices of the two adjoining crystals under comparison. 

The explanation of the Becke line at first given was not satisfactory, 
as it dealt only with crystals joined by a junction at rght angles to the 
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plate, a condition only rarely present. It also assumed the use of con- 
vergent light, although it has been admitted that too large a cone will 
destroy the effect, and practically the only case ever found to answer* 
well in practice is when the nearest approach to parallel light is attained 
of which the microscope is capable. 

A more satisfactory explanation has been given by G. W. Grabham,^ 
who has studied the various possible cases of oblique junctions. These 
are reviewed at A, B, C, and D in Fig. 846. * 

The crystal of higher refractive index is always supposed to bo on 
the right, as shown. The first diagram at A shows the incident rays bent 
on entering the denser medium, in the direction of the latter. The second 
at B shows them totally reflected back again into the denser crystal, and 
the third at C shows them entering the lighter from the denser medium and 
again being refracted towards the denser crystal. Indeed, whatever be 
the inclination of the junction the light traversing it is always bent towards 
the denser more highly refracting crystal. The fourth diagram at D 
explains why the white line is seen parallel to the junction when the 
microscope tube is slightly raised or lowered. Ray 6 meets the junction 



Fig. 840.— Explanation of tho Becke Line. 

and is bent towards the more highly refractive crystal on the right. When 
the focal plane of the objective lies centrally, about the position F, the 
section is in focus and no white line is seen at the junction. But when 
the tube is raised, say to bring the focal plane higher to H, a white line 
is seen on the side of the more highly refractive crystal, owing to rays 6 
and 7 being brought to a focus as if they originated at their point of inter- 
section on the focal plane. When the tube is further raised the point at 
which ray 6 meets the focal plane will coincide successively with rays 8 
and 9, so that the white line becomes removed farther and farther to the 
right away from the junction (farther within the more highly refractive 
crystal). On the other hand, if the microscope be lowered, say to bring 
the focal plane lower to L, for a similar reason the white line moves to 
the left. In the case when the junction is truly normal, a certain, amount 
of the light would still meet it obliquely and produce the line of white 
light as shown by Becke. But the other cases just dealt with are very 
much commoner. 

An instance may be quoted from Grabham’s memoir as an example. 
It was a plate of quartz, one half of which was cut normally to the optic 
axis and the other half parallel to the axis. When the polariser was 
* Min. Mag , 1910 , 16, 341 . 
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set so that the plane of vibration was parallel to the optic axis the greatest 
difference between the retardations in the two sections was produced, 
€- 0 ) = ! '6534 -1*5443=0 ‘0091, as the beams transmitted by the two 
sections corresponded to the ordinary and extraordinary rays respec- 
tively. Although small, this difference in retardation is sufficient to 
produce a pronounced white line, and less than half a degree of deviation 
was found adequate. The deviation due to differently inclined junction 
planes amounts to as much as 12°, sufficient to throw tlie beam out of the 
field. The best white line is shown for a well-marked intermediate amount 
of deviation. 

If oblique illumination be used when employing the method of the 
Becke line, the rays of light passing through the junction of two crystals 
are deviated towards the more highly refractive crystal, so that this 
latter crystal stands out with a light margin towards the linger or stop 
shadow, and a dark one on the side away from the shadow. 

Use of an Adjustable Slit.— -In the case of a thin crystal-section cut 
at right angles to a plane of symmetry of the optical ellipsoid, or of a 
crystal-grain arranged with a plane of optical symmetry at right angles 
to the microscope stage, it has been recommended by J. W. Evans ^ that 
a diaphragm with an adjustable slit, similar to that of the spectroscopic 
accessory (Fig. 841, page 1167), should be employed in order to isolate the 
direction of vibration perpendicular to the principal ])lane of the optical 
ellipsoid in question. The slit is to be arrangijd j)arallel to this plane, so 
that all the paths of the light rays passing it and illuminating the portion 
of the crystal in the axis of the microscope lie in the plane. On inserting 
a Nicol, with its vibration direction at right angles to the plane in question, 
the image of the crystal seen will be illuminated with light vibrating 
only perpendicularly to the plane, thus affording a definite, single, i)rincipal 
refractive index. 

If the section be at right angles to two planes of optical symmetry 
(two such planes being thus parallel to the micToscoj)c axis), each may 
in turn be arranged parallel to the slit, and thus two of the three indices 
of refraction a, y may be determined directly. In the simpler case of 
a unia.xial sei^tion the ordinary vibrations corresponding to the refractive 
index co arc determinable directly with any section, and a section parallel 
to the optic axis will give both the ordinary and extraordinary axial 
vibrations, and thus w and €, directly. 

By such use of the slit accessory the method of de Cliaulnes may be 
employed without being troubled by the Sorby bifocal effects, which 
are eliminated. The slit may also be used with advantage with the 
oblique illumination method of Maschke and Schroder van der Kolk ; 
but the finger or other screen must be introduced along the direction of 
the slit-length. The slit is also applicable to the Becke line method, 
provided the slit be arranged parallel to the junction of the two crystals 
under observation and comparison. It gives as good results as a circular 
aperture of diameter equal to the slit width, while affording by its rela- 
tively great length very-much better illumination. 

» Min. Ma^., 1917, 18, 130. o 
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The slit may either be inserted under the stage instead of and in the 
place occupied by the iris diaphragm, or even closer to the object ; or it 
may be placed in a slot at the focus of the eyepiece, where the directions- 
image (that afforded by convergent light) is usually formed by the Bertrand 
lens. In this latter case, the object-image formed above the eye])iece 
may be observed with a suitable lens, such as the Becke lens to be described 
in the next section. ^ 

Isolation oi the Directions-image of a Small Crystal by the Becke Lens. 
— -By directions-image is to be undenstood an image in which every ])oint 
represents a direction followed l)y one of the light rays before reaching 
the objective ; the interference figure afforded by a section-plate perpen- 
dicular to an o])ti(; axis or principal axis of tlie optical ellipsoid (bisectrix 
of optic axial angle) in convergent polarised light is an exatn])le. It has 
clearly to be distinguished from an ordinary object-image, the image of 
an object on the stage, focus.scd by the microscope in the ordinary way. 
It is often required to isolate a directions-image from a relatively very 
small object, such as a single minute crystal in a thin section, by some 
sort of diajihragin to cut off all light not from the object in question. 
The diaphragm must either lie close to the object, or in a focus conjugate 
to it, so that the image of the diaphragm aperture and that of the object 
are seen together. 

An excellent method of accomplishing this has been described by 
F. Becke. Instead of inserting the Bertrand lens in the tube, the directions- 
image is obtained by placing over the ordinary eyepiece 
a lens or system of lenses e.ssentially similar to a Kamsden 
eyepiece, in an acce.s.Hory fitting known as the Becke lens. 

It is shown in Fig. 817 as constructed by Swift. It mag- 
nifies the small directions-image which is formed in the 
Ramsden circle. The object-image is first observed in 
the focus of the eyepiece in the usual manner, and the 
object itself brought to the centre of the field. A dia- 
phragm is then in.Herted through a slot in the focus of 
the eyepiece, so that only the object under investigation 
is visible. The Becke lens is then placed in position, and 
the directions-image will be seen quite free from undesired 
light. The advantage of this method of isolation is that the real object- 
image is considerably magnified, thus facilitating adjustment. Also a 
micrometer scale for measurement of the directions-image can be inserted 
at the focus of the lens. In the form shown in Fig. 847 the micrometer 
is adjustable, and can be used with the greatest facility for the measure- 
ment of the separation of the optic axial hyperbolic vertices. 

A Becke lens of this description may also be used in the same manner, 
for isolation purposes, instead of the Bertrand lens, in the universal gonio- 
meter of Hutchinson described on page 1035, when converting the optical 
tube of the latter from a microscope into a telescope focussed on infinity. 

For determining the angular position of a point in the directions-image 
J. W. Evans ^ uses a circular disc of white ^netal, similar in size to the 
• 1 Min. Maq., 1916, 18, 64. 
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circular stage of the microscope, and raised slightly above the latter so 
as to clear the slide ; on its polished surface a network of concentric and 
radial lines is engraved, a circular hole being left in the centre of the plate 
so that the crystal can be observed through it. The radial lines are 
engraved at 6° intervals, and the concentric lines at distances from the 
centre equal to r tan 6, where r is a convenient length, such as 50 mm., 
and 6 represents jjuccessive angles differing by 5°. The ne^ is, therefore, 
a gnomonic projection of the points where a sphere is intersected by lines 
at equal intervals of azimuth and of angular distance from the normal 
to the plate at the centre. 

Direct Measurement by Babinet’s Compensator of Retardation and 
of Strength of Double Refraction in a Crystal Plate.- It is often required 
to determine the difference of the two refractive indices and that 
is, yi 2 ~Pi where [Jii<yLo, for any particular section-plate that may happen 
to be available. In the cases of ])late8 orientated parallel to the optic 
axis, or perf^endicular to the axis of the optical ellipsoid, such a determina- 
tion is of further importance as affording the amount of the double 
refraction for the whole crystal, the difference between the two, or two 
extremes of the three, refractive indices of the substance. The most 
satisfactory mode of carrying out the determination is by means of the 
compensator of Babinet, described in the last chapter, and illustrated in 
Figs. 836 and 837, page 1163. 

The interference colour exhibited by a (;rystal-])late of thickness I is 
the same as that of an air film the double thickness 2A of which is equal 
to the product of I and the difference of the two refractive indices, /Xj 
and /X 2 > corresponding to the two rays propagated in the direction normal 
to the plate. That is : 

2h = l{y2~H'i)’ 


When the ])late is one of a uniaxial crystal parallel to the axis, the 
two rays propagated along the normal to the plate vibrate respectively 
parallel to and perpendicular to the axis, and correspond to c and co, so 
that 1 I 2 -jJ'i becomes the important constant € - co or co - e, the maximum 
amount of double refraction for the whole crystal, according as the latter 
is positive or negative. Also, when the plate is one of a biaxial crystal 
cut parallel to the plane of the optic axes, one of the rays transmitted 
along the normal (the direction of the intermediate axis of the indicatrix 
p) will vibrate parallel to the a axis of the optical indicatrix and the 
other parallel to the y axis, the former direction a being that of the 
acute bisectrix of the optic axial angle (first median line) when the crystal 
is negative, and that of the obtuse bisectrix (second median line) when the 
crystal is positive. Hence the two vibration directions of such a plate 
correspond to the maximum and minimum refractive indices of the whole 
crystal, and thus such a plate affords y-a (/Xg here = y and /Xi = a), the 
maximum amount of double refraction of the crystalline substance. 

The actual determination of the difference of the two refractive 
indices, and of the actual amount of retardation R of one of the rays 
transmitted by the crystal-plate behind the other, is carried out with the 
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aid of Babindfc’s compensator as follows : The compensator is arranged 
with its quartz wedges at 45® to the crossed Nicols, and with the 
movable wedge arranged at its zero position, that is, so that when white 
light is used the black central band is arranged altogether and symmetric- 
ally between the pair of parallel spider - lines. The doubly refracting 
crystal-plate under investigation is then introduced on the microscope 
stage, so that its extinction directions (the traces of its vibration planes) 
are also at 45° to the crossed Nicols. It will then be* observed that the 
bands have been displaced, so that the black band is no longer between 
the two spider-lines, but may be several bands away. Monochromatic 
light of wave-length A, say sodium light, wave-length 0 •000589 mm., is 
next employed, and the amount of displacement d, the movement of the 
movable wedge required to bring the black band back to its original 
zero position between the two 8pider-line.s, is measured in scale divisions 
and (for the fractional part of a division) drum readings. The difference 
of path of the two rays or retardation R of one ray behind the other, 
brought about by the passage through the crystal-plate, is then given in 
millimetres by the expression R = Cd, in which the only unknown 
quantity is C, the constant of the compensator, the value of the scale 
divisions in bands of known retardation. 

The retardation R at any point is the difference of the two opposing 
retardations, and r.^, and these depend on the thicknesses and <2 of 
the two wedges at the point, and on the known difference of the refractive 
indices of quartz € and to. In fact, R^rj - r 2 = (€ - a>) (< 2 “^i)> ^or it is 
the same as is given by a plate of 
thickness It will be 

clear from Fig. 848 that by the 
sliding of the wedge the total 
thickness is increased by AT, 
entirely due to extra material of 
the movable wedge, that is, 

<2 - = AT, as the amounts were 
equal at the zero position ; also 
that the displacement d-AT/tan a, where a is the angle of the wedge. 
This AT is the compensation thickness required to neutralise the effect 
of the crystal-plate of thickness t and indices /Xj and Hence, 

AT (€-<0)=« (ft2“/^l)' 

The Determination of the Constant of the Compensator, C, is readily 
carried out by first taking the reading in white light for the adjustment 
of the black band to the centre of the pair of parallel spider-Jines, the 
separation of which is adjusted to be only just slightly greater than the’ 
width of a band, and then illuminating with sodium or any other 
convenient monochromatic light of known wave-length ; each other band, 
on both sides of the centre, is then brought in turn into the central 
position between the two spider-lines, and the reading taken for each 
such adjustment of a band. What we rgally do is to determine the 
amount of displacement d required, for the particular light used, to bring 
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about a difference of path equal to one wave-length of that light, for 
instance 0*000589 mm. when Na-light is employed. For it will be 
remembered that the centre of the first band on either side of the 
central one corresponds to one wave-length difference, A, from the centre 
of that central band, as explained on page 1165 of Chapter LII., and 
that each successive band is due to a further retardation of a wave- 
length. We have, therefore, the data given in the second column of the 
following table for Crossed Nicols. A similar set of readings, corresponding 
to the data given in the third column of the table, can also be taken for the 
bands produced in the intermediate position when the Nicols are parallel. 


Table of Retardations for Sodium Light, 



Ilettirdation 11 correspondlnK to Production of Band, I 

No. of Uanil from 



Centro. 

NIcoIh crossed. 

Nicols parallel. 

1 

\-0 ()005893 mm. 

X/2=0-(X)02946 mm. 

2 

2\-= 00011786 

3V2-- 0-0008839 

3 

3\ =0 0017679 

r)V2=0-0014732 

4 

4\=0 0023.')72 

7\/2 =00020625 

6 

r)\=0(X)2946r) 

9 V2 =00026618 


The constant C is thus C = R/d, where R is the actual retardation in 
millimetres for any band, and d the displacement of the band from the 
central position in drum units. C may thus be determined ten times 
over, for the five bands on each side of the central black one. The 
interval in scale and drum readings between every two consecutive bands 
for the same wave-length should be the same, but when it is not, a curve 
should be constructed expressing the values. The value C of a drum 
unit in actual retardation is thus obtained. If it be desired to make 
determinations with other wave-lengths, the constant C can either be 
determined directly for the.se wave-lengths, or calculated from the 
knowledge of the dispersion of quartz. 

If now, on introducing a doubly refractive crystal-plate, the displace- 
ment of the central band be equal to, say, 3*5 bands, the Retardation R 
will be : 

R = Cd, 

where d is the displacement corresponding in scale divisions and drum 
readings to the 3*5 bands, and C is the retardation- value of a drum unit 
as above determined for the wave-length of the light employed. 

FinaHy, the Double Refraction, the difference of the two refractive 
indices is : 

where t is the thickness of the crystal-plate. 

For the more convenient determination of the relative retardation of minerals in 
thin sections, a fixed double quartz wedge has been devised by Dr. J. W. Evans^ and 

1 Min. Mag., 1905, 14, 91. '* 
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ia constructed by Messrs. R. & J. Beck. It consists of two quartz wedges of identical 
angle mounted side by side close together, one with its length parallel to the axis as 
usual, and the other with its breadth parallel to the axis. When placed obliquely 
between crossed or parallel Nicols they show the same bands continued across both, 
which are Unaffected when a crystal-plate is also introduced at its extinction jmsition. 
But when the plate is rotated 45° a black band indicating the position of compensation 
is shown by one wedge, and enhanced retardation colours arc displayed by the other. 
The colour opposite the black band indicates double the retardation due to the crystal 
alone, thus affording a delicate determination of the latter. * 

Determination of Extinction Angles under the Microscope.- It will 
be unnecessary to repeat here the principles underlying the determina- 
tion of the extinction directions in a crystal -pi ate, as they have been so 
thoroughly dealt with in Chapter XLII. as regards the theoretical consider- 
ations involved, and in Chapter XIjV, concerning the practical determina- 
tion of extinction angles by the stauroscope. It will be sufficient to remind 
the reader that the operations can be carried out in a 8im})ler, somewhat 
more limited and, therefore, correspondingly less accurate method, with 
the aid of the microscope arranged for parallel light ; that is, the micro- 
scope is used without either sub-stage condenser and convergent system 
or the Bertrand lens, the only essentials besides the objective and eyepiece 
being the polarising and analysing Nicols and, if desired, one of the 
stauroscopic sensitiveness enhancers, described and illustrated in the 
previous chajiter, such as the Bertrand quadru})le-quartz-plate eyepiece, 
page 1 159, Fig. 831, or the Calderon double plate of calcite, same page. Fig. 
832, The mode of carrying out a determination of extinction with the aid 
of the Bertrand eyepiece of the Dick microscope has been fully set forth 
at the conclusion of the description of. the latter on page 1159. If it 
be desired to employ a Calderon double jilate instead, it is preferably 
introduced also in a special form of eyepiece, as shown in Fig. 832, in 
which form it is constructed very efficiently by Fuess, and which may 
quite conveniently be adapted to the Dick microscope as well as to the 
Fuess microscope itself. The eyepiece is of the negative Huyghenian 
form, the diametral cementation line of the two halves of the Calderon 
plate being clearly focussed by the eye-lens. The analysing Nicol fits 
above the latter, and is supplied with a covering cap with very small 
eye aperture, as in the case of the Nicol analyser of the stauroscope. 
A diaphragm with a small aperture is also placed just over the double 
plate in order to restrict the field and the light to the rays passing 
nearest to the axis of the microscope, the fine line of cementation being 
then sharply defined. The latter is arranged to correspond to the zero of 
the circle of the Nicol, as indicated by a mark on the eyepiece t^ibe, and 
when this Nicol is crossed to the polarising Nicol the two halves of the 
plate show equal intensity of half-shadow, that is, appear almost dark to 
an equal extent. The crystal under observation is then arranged to be 
bisected by this line of cementation, just as in the stauroscope, and the 
stage carrying it is rotated, in order to determine the extinction position, 
until the two halves of the double plate are Main of equal slight intensity 
of illumination (Ijalf-shadow) by the monochromatic light employed, as 
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they were before the introduction of the ‘plate. The cementation line 
can quite conveniently be used as a cross - wire for the purpose of 
adjusting an edge of the crystal outline to it, the edge representing the 
foreshortened face of reference, perpendicular to the plate, with respect 
to which the extinction is being determined. The difference between 
the reading of the rotating stage circle for this position and that for 
the adjustment of the crystal to afford two equally illunoflnated halves 
is the extinction angle required. It should be determined several times, 
approaching the adjustment from both directions, and if possible with the 
crystal inverted for a second series of readings. The mean should then 
afford a close approximation to the truth. 

Determination of the Crystal System. A preliminary idea of the 
system of symmetry to which a crystal belongs can frequently be 
obtained with the aid of the microscope, especially if a Fedorov universal 
stage be available. A cubic crystal is isotropic in all directions, and 
unless in a condition of strain does not polarise in colour or afford any 
double refraction phenomena at all. 

Uniaxial crystals appear isotropic along the one direction of the 
principal axis, which is the optic axis of no double refraction as well as 
the axis of tetragonal, hexagonal, or trigonal symmetry. Although they 
are doubly refractive in all other directions they can usually be distin- 
guished from biaxial crystals at once by the fact that every section of a 
uniaxial crystal contains one of the infinite number of equal diameters 
0) of the circular section of the indicatrix, perpendicular to the principal 
(the optic) axis. This seems impossible at first sight, but on reflection 
it will be seen that any section whatsoever of an ellipsoid of revolution 
may be moved in imagination parallel to itself, which obviously does 
not affect the optical phenomena which it displays, until it passes through 
the centre of the ellipsoid, if it does not already do so. The minimum 
or maximum axis of the elliptical section of the indicatrix, made by the 
plate, according as the crystal is positive or negative, will then in all cases 
be a diameter of the circular section of the optical indicatrix ; in other 
words, it will always be one of the infinite number of directions in the 
circular section the vibrations along which correspond to the refractive 
index o). Therefore, one of the two directions of extinction in a uniaxial 
crystal-plate, cut anyhow, is always an equatorial diametral direction 
corresponding to the refractive index co, and the extinction direction at 
right angles to it will correspond to a direction in a principal section of 
the indicatrix ellipsoid of revolution, that is, to a direction in a section 
containing the optic axis, somewhere between w and €, the latter refractive 
index corresponding to the direction of the optic axis. A special case is 
when the section-plate happens to be parallel to the circular section itself, 
when every direction in it corresponds to co and the plate remains dark 
on revolution under crossed Nicola, every direction being then one of 
extinction. 

On examining one of the two rectangular directions of extinction in 
the general uniaxial case, and setting it parallel to one of the horizontal 
axes of rotation of the universal stage, it will be ^ound that under 
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crossed Nicols such a generar section will remain dark on rotation if the 
direction selected has been that of a>. But if the wrong one of the two 
has been chosen the section-plate will show the usual interference 
colours in parallel polarised light, unless the section-plate should happen 
to be one parallel to the optic axis, such as a plate or tabular crystal 
parallel to a pair of faces of the primary hexagonal or tetragonal prism 
zone, the di8(?bvery of which fact would of itself be of prime iin])ortance 
and simplify the work considerably. * 

When a tabular crystal perpendicular to the optic axis is available, 
discovered in parallel light by remaining dark on rotation in its own 
plane, and through which in convergent light under crossed Nicols the 
interference figure of (iircular rings and black rectangular cross is visible, 
the proof of the uniaxial chara(;ter of the crystal will be complete. 
With the aid of tlie universal stage of Fedorov, or that of Klein, and 
even with the Miers stage goniometer, it is often ])ossible to see the uniaxial 
interference figure through crystals not tabular when the crystal is 
immersed in the small cell containing a highly refractive liquid- the 
liquid chosen being one in which the crystal is most nearly invisible and 
therefore of like refractive index— and when the crystal is rotated until 
the optic axis is brought parallel to the axis of the microscope. 

It is usually fairly easy to discriminate between a tetragonal and a 
hexagonal crystalline substance, for the former shows square or regular 
octagonal outlines sooner or later, when numerous crystals of the substance 
are examined, while the latter exhibits hexagonal 120® or CO® outlines, 
perpendicular to the optic axial direction. To discriminate between the 
hexagonal and trigonal systems is not so easy, unless obviou.sly definite 
rhombohedra are characteristic. Further study of the nature of the end- 
faces, those other than the hexagonal prismatic forms which are common 
to the hexagonal and trigonal systems, is requisite, differences of surface 
of alternate faces of apparently hexagonal pyramids being particularly 
helpful. Angular measurements will probably require to be made before 
certainty is arrived at, and these may often be carried out with good 
microscopic crystals by the methods described earlier in this chapter. 

A biaxial crystal, in general, does not remain dark when rotated 
about either extinction direction, and when it actually happens that the 
crystal under examination follows this rule its biaxial character is at 
once discovered. For if it were uniaxial it would remain dark when 
rotated about one of the two extinction directions. Only section-plates 
parallel to the primary zones, or natural jfiates, tabular crystals, parallel 
to the actual faces of these zones, do in the case of biaxial crystals remain 
dark on rotation about the extinction directions. The discovery of two 
directions of isotropism, the two optic axes, also affords immediate proof 
of biaxial character, and this discovery can often be made with the 
universal stage, especially when the crystal is immersed in a liquid of 
the same refractive index. For when such a direction ia brought parallel 
to the axis of the microscope the crystal will remain dark when rotated 
under crossed Nicols in parallel light, and lyill show the rings and single 
brush of a biaxial crystal in convergent light. When rotated to the 
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intermediate direction, that of a median linfe, it will show the full biaxial 
interference figure, with the optic axes separated at either their acute 
or obtuse angle, unless the latter happens to be too large to be visible 
even in the highly refractive liquid ; if this should be so, however, the 
perpendicular intermediate direction will afford the acute-angle figure. 
Indeed, the recognition of the biaxial interference figure in convergent 
polarised light is at once conclusive evidence of biaxial chaf^icter, that is, 
of rhombic, monoclinic, or triclinic symmetry. It frequently happens 
that even a cursory examination of a number of crystals of a biaxial 
substance will reveal the figure, if not symmetrical to the centre, as it 
probably would be in the event of the crystal being rhombic, still not dis- 
placed from the centre too mu(‘Ii for recognition of its nature. 

When the crystal is rhombic, the two rectangular extinction directions 
will as a rule either be parallel to two rectangular edges of the crystal as 
seen under the microscope, or symmetrical to two parallel paiYs of edges. 
Also the biaxial interference figure will probably show itself, if not immedi- 
ately, sooner or later on examining a number of crystals, symmetrical to 
the centre when a tabular crystal parallel to an axial plane is laid on 
the simple microscope stage. A monoclinic crystal will also in some cases 
show extinction directions parallel to rectangular faces, those of the ortho- 
zone, but such a crystal-plate will not be likely to afford an interference 
figure symmetrical to the centre of the field, although it may exhibit one 
symmetrical to a diameter, the trace of the symmetry ])lane. Other 
plates than those of faces in the ortho-zone will show extinctions oblique 
to the faces. Also, when the interference figiire is closely regarded, 
discrimination between the rhombic and monoclinic systems can usually 
be effected by observing the nature of the dispersion shown by the figure 
in white light. When the crystal is rhombic the distribution of the colours 
will always be perfectly symmetrical, that is, both to the centre and to 
the two rectangular diameters parallel to the black cross formed when 
the plate is arranged parallel to the planes of vibration of the crossed 
Nicols. If monoclinic, it will show either horizontal, inclined, or crossed 
dispersion, as described at the conclusion of Chapter XLII. If the crystal 
be obviously biaxial, but exhibits none of the regular phenomena just 
referred to as typical of rhombic and monoclinic crystals, it can only be 
preliminarily considered as triclinic. It is much more likely to be 
really triclinic if it appears to be not very far from showing monoclinic 
phenomena, for instance, when the plane of the optic axes shows itself 
as only a very few degrees, yet clearly so, from being parallel to a 
crystallographic facial plane, than if the differences are greater. For we 
have always to reckon with the possibility that the crystal before us 
may belong to a class of the rhombic or monoclinic system of lower than 
full systematic symmetry. It could not be of higher symmetry, that is 
uniaxial, because even such low-symmetry classes of the uniaxial systems 
will always show the uniaxial interference figure sooner or later, whereas 
a biaxial crystal of lower than full systematic symmetry will yield a 
biaxial figure. Such difficult cases of apparently triclinic crystals 
absolutely necessitate angular interfacial measurements* Moreover, we 
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have always to remember that such crystals of low-class symmetry may 
belong to one of the eleven enantiomorphous classes, which may be ex- 
pected to display optical activity. Hence, we have always to be on our 
guard that polarisation phenomena displayed are tlie regular ones due to 
double refraction, and not those due to optical rotation. The latter can 
always be recognised, and the angle of rotation measured in monochrom- 
atic light, qu^te conveniently under the microscope, provided the property 
be developed sufficiently strongly, which is rare, to exhibit it in plates or 
crystals as small as are generally investigated under the microscope. This 
disturbing cause is thus not so serious in micro8co})ic work on account of 
the small size (thickness) of the crystals usually alone operated on. 

Lastly, as regards the preliminary determination of the crystal system 
under the niicrosco})C, such observations should, unless no other observa- 
tions are possible, only be regarded as truly jjreliminary, to be followed 
by definite angular measurements on a good goniometer, and by ])recise 
determinations of the optical constants on the accurate measuring 
instruments described in previous chaj)ters. Such preliminary work with 
the microscope frequently very considerably facilitates the systematic 
investigation just referred to, as the observer knows his way about the 
crystals, and is familiar with their prominent characteristics. Jn cases 
where such further work is impossible, on account of inability to obtain or 
grow crystals of adequate size, this microscopic investigation is invaluable. 

In the above statement it has been assumed that single individual 
crystals have been available. Simple twinning is immediately recognised 
under the microscope, as the two halves of a twin ])olari8e differently. 
Even repeated twinning is likewise at once detected, provided it be not 
parallel to the plane of the stage, the various strips ])olari8ing so that 
adjacent individuals always show different colours on rotation of the stage 
or the Nicols, at some ]) 08 ition or other during the rotation, four times 
rej)eated during a complete revolution, the Nicols being crossed. But, 
as has been pointed out in Chapter XXVIll. on twinning, microscopic 
laminated twinning often apparently enhances the symmetry, and may 
be so fine, the alternations so numerous, as to be ultra-micro8co})ic with 
the low powers used. Moreover, the ordy crystals available may be 
entirely those compo.sed of twin lamella; parallel to the section-plate or 
tubular crystal faces, when very complicated optical phenomena are 
possible, as described in the section on Ojitical Anomalies on page 1144, 
Such cases require most careful and special investigation, including that 
with high-power objectives ; indeed, it will be obvious that the microscope 
becomes here the ultimate instrument of research, and not merely one for 
preliminary examination. But it is largely because of such pvssibilities 
that an open mind should be maintained as long as possible as to the 
results of a microscopic investigation, and every effort be made to supple- 
ment them by regular large-scale measurements. 

Discrimination of the Class of Symmetry by means of Etched 
Pigures.~One of the most important uses of the microscope is the 
examination of etched figures on the faces of crystals, not merely on 
microscopic one% but even on crystals of some size, for the purpose of 
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definitely settling the particular one of the 32 classes of symmetry to 
which a substance conforms, the latter being known from the earlier part 
of an investigation to belong to a particular system. 

Instead of invoking the ordinary rapid solvent action, of a solvent 
poured in quantity on the material of a crystal, the solvent is applied in 
these experiments in relatively very small quantity compared with the 
bulk of the crystal substance. For instance, to study the (itched figures 
of a crystal soluble in water, the minute quantity of water may be 
applied by breathing on the crystal faces or slightly steaming them, or 
gently touching them once or twice with a damp cloth. The process 
of solution then begins at isolated spots instead of all over the surface, 
and occurs with different rapidity in different directions radiating from 
each of such spots, beginning first with the direction of least cohesion and, 
in fact, indicating the order of cohesion in the different directions, and 
therefore of the symmetry,* by the character of the figure produced. 
Such etched figures are generally of the character of depressions or pits of 
specific shape, and their configuration is in accordance with the class- 
symmetry of the crystal, and forms perhaps the best of all indications of 
the detailed character of such symmetry. For the resistance to etching in 
different directions is obviously a direct outcome of the structure. The 
shape of all the pits on any particular face will be similar, and also on 
all faces of the same form, that is, on faces which are absolutely equivalent 
as regards the symmetry. Water, dilute acids, alcohol, ether, benzene, 
acetone, carbon bisulphide and other of the usual organic solvents, are the 
principal solvents employed, and the essence of effective treatment is to 
apply them in the minimum possible quantity, for instance, by merely 
touching with a cloth moistened with the solvent. Mineral crystals are 
often found with faces naturally etched by water containing carbon 
dioxide or other acid gases such as hydrogen chloride in solution, or by 
gaseous hydrogen fluoride or even by water at high pressure and tem- 
perature or by superheated steam. The etched figures obtained on 
crystals of right-handed and left-handed quartz by means of a very weak 
solution of hydrofluoric acid, for instance, are given in Figs. 314 and 313 
on {)agc 356. 

It is important that adequate time should be allowed for the solvent 
to act to its full extent, otherwise immature etched figures may be pro- 
duced leading to erroneous conclusions. A striking case is that of rock 
salt, sodium chloride NaCl, which was formerly wrongly considered to 
belong to the pentagonal icositetrahedral class 29. of the cubic system, 
on the evidence of immature etched figures of pentagonal icositetrahedra, 
whereas ^t is really holohedral, of class 32, longer action of the solvent 
producing hexakis octahedral figures. 

Perhaps one of the most instructive cases that could be cited of the 
use of etched figures to discriminate between two classes and even two 
systems, is one to which particular attention has been called by Miers, 
namely, the effect of hydrochloric acid on apatite and calcite. Apatite 
has been shown in Chapters XX. and XXI. to belong to the bipyramidal 
class 25 of the hexagonal system, in which the elements of symmetry are 
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the essential hexagonal axis and the equatorial plane of symmetry, the 
six other symmetry planes and six digonal axes of the holohedral hexagonal 
class 27 being absent. The etched figures afforded by a hexagonal prism 
of apatite with hydrochloric acid are shown in Fig. 849, and the adjacent 
Fig. 850 illustrates the etched figures given under similar conditions by 
a hexagonal prism of calcite, which has been shown in Chapters XXII. 
and XXIII. t# belong to the scalenohedral class 21 of the trigonal system. 
The essential trigonal axis of symmetry and three » symmetry planes 
intersecting in it, together with three digonal axes lying in the equatorial 
plane midway between the symmetry planes, are the elements of symmetry 
present in calcite and its class. There is no equatorial plane of symmetry, 
as in the holohedral trigonal class 22, and the digonal axes differ from those 
of that class by not lying in the symmetry planes. 

The first difference in the etched figures on the two crystals that 
strikes us is that in apatite they are the same on all the six faces of the 


Hex. Trig. 

axM axis 



Fig. 849. — Etched FiRures afforded 
by Apatite. 



Fig. 8i)0. — Etched Figures alfordod 
by Calcite. 


hexagonal prism, indicating truly hexagonal symmetry ; while on calcite 
alternate faces bear differently directed figures, although the shape is 
the same, indicating that all the six faces belong to the same form, 
the pointed end, however, being upwards in one alteniate set of 
three faces and downwards in the other, indicating trigonal and not 
hexagonal symmetry. It must be remembered that the hexagonal 
prism is a form common to both the hexagonal and trigonal systems. 
Moreover, each of the calcite etched figures is symmetrical to a vertical 
plane of symmetry, but not to an equatorial plane ; and obviously the 
digonal axes do not emerge through the middle of the faces but through 
the edges, indicating class 21 and not the holohedral trigonal class 22. 
Again, the etched figures of apatite are symmetrical at both ends to the 
equatorial plane of symmetry, but not to vertical planes of symmetry, 
which are thus absent, indicating class 25 and not the holohedral hexagonal 
class 27. 
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As an instance of the etched figures of* crystals of low but holohedral 
symmetry, an instructive series of etched figures on the principal faces 
of two members of the important monoclinic series of double sulphates 

of the series R 2 M(S^ 4)2 • bHgO 
may be referred to, and are 
reproduced in Figs. 851 and 
852. They wero obtained by 
H. Baumhauer ^ by means of a 
very small quantity of water, 
and their shapes conclusively 
prove the holohedral nature of 
the monoclinic symmetry. Fig. 
851 shows the character of the 
etch-figures on the predominat- 
ing faces of / |201[ in the case 
of ammonium ferrous sulphate : 
for on the crystals of this salt the pair of faces of this form are excep- 
tionally largely developed. Fig. 852 reproduces those on the four prin- 



-Etch-Hniirca on Aiuiiionluin Eorrous 
Sulphate. 



cipal forms c{001|, p{110;, and /|201} of potassium nickel sul- 

phate. Those on ammonium nickel sulphate were also obtained and 
found to be very similar. It will be clear that these etch-figures in every 
case are'symmetrical to the single plane of symmetry h{010}, which is at 
right angles to the plane of the paper and parallel to the longer sides 
of the page ; they also accord with the presence of a digonal axis of sym- 
metry perpendicular to the plane of symmetry (parallel to the shorter 
edges of the page). They possess, consequently, both the elements of 
monoclinic symmetry, and therefore the crystals are holohedral. 

^ Pogg. Ann. d. Phys., 1873 , 150, 619 . 
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An excellent set of drawings of etched figures of all the 32 classes 
of crystals will be found on pages 280 and 281 of Miers’ Mineralogy. 
Miers has further shown that the sides of etched figures are minute facets, 
vicinal faces of very high indices not perpendicular to any of the planes 
or axes of symmetry ; he has made a profound study of the character of 
these vicinal faces, and an account of the highly interesting results has 
already been given in Chapter XXIV. 

Determinations of Optic Axial Angles by the Mibroscope.— It will 
have been clear from Chapter XLII. that the interference figure in 
convergent polarised light is composed of curves or lines of two kinds. 
One of these consists of curves, circles, or lemniscates, commonly known 
as “ rings,” which are dark and luminous alternately when the polariscope 
is illuminated with monochromatic light. They become coloured when 
white light is substituted, and their form is independent of the position 
of the axes of the section-plate relatively to those of the crossed Nicols. 
They do not become deformed on rotation of the section-plate in its own 
plane, and their form has no connection with the direction of the original 
plane of polarisation. These curves of the first kind are exclusively due 
to interference, being “ Isochromatic Curves of Equal Retardation.” The 
curves of the second kind, commonly known as “ brushes,” remain dark 
when white light is used, the Nicols being crossed, but are colourless 
and bright when the Nicols are parallel. They alter in the case of 
biaxial crystals when the section-plate is rotated in its own jdane, their 
form being connected, in the general case, with the extinction directions 
of the plate, and, in the special very im[)ortant case of a ])late perpen- 
dicular to the first median line, with the direction of the axes of the 
optical ellipsoid lying in the plane of the section-plate, relatively to the 
plane of polarisation of the rays received from the })olarising Nicol. 
They are generically termed “ Isogyres.” 

Curves of Equal Retardation, — Assuming the Nicols crossed, the 
interference is positive, causing a dark curve of equal retardation, when 
the retardation of one of the two interfering rays behind the other is 
equal to an odd number of half wave-lengths, that is, to (2w-f-l)A/2. 
The interference is negative, producing a bright curve of equal retardation, 
when the delay is equal to an even number of half wave-lengths, that 
is, to 2wA/2 or wA. We have to add to these retardations within the 
crystal, however, the half wave-length change of phase introduced by the 
action of the analyser, so that the total retardation observed due to both 
causes is really the reverse, namely, 2nXj2 or nX for a dark curve and 
(2n-f-l)A/2 for a bright one, odd and even half wave-lengths correspond- 
ing to reversed phenomena compared with the usual effect of interference 
of light waves, as explained in Chapter XLII, pages 917, 919, and 921 i 
When the Nicols are parallel the converse is true of the conditions for the 
two cases. These curves of equal retardation are given by the intersec- 
tion of surfaces of equal retardation A/2 (dark), 2A/2 (bright), 3A/2 (dark), 
4A/2 (bright), and so on, by a plane parallel to the crystal section-plate. 

Isogyi^, — The intensity of the light transmitted by the analyser 
obviously depends^ not only on the retardation but on the orientation 

VOL. TI 2 G 
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of the planes of vibration in the crystat with respect to the Nicols ; 
that is, on the directions of the axes of the elliptic section of the ellipsoid 
by the plate, the extinction directions, in the general case, and on the 
directions of the axes of the optical ellipsoid of which the crystal-plate 
is a principal section, in the special case of a section-plate perpendicular 
to the first median line prepared for the measurement of the optic axial 
angle. Such rays, therefore, as emerge vibrating parallel t' the polariser, 
are stopped by the analyser when the latter is crossed to the polariser, 
and this extinction gives rise to the isogyres. They are clearly inde- 
pendent of the wave-length of the light employed. But their form is 
dependent in general on that of the optical ellipsoid, on the orientation 
of the section-plate with respect to the latter, and of the positions of the 
axes of the ellipsoid with reference to the vibration directions of the 
Nicols. 



Curves of Equal Velocity and Skiodromes. — It has been necessary 
thus to summarise these facts here, as a resume and somewhat of a 
further development of those given in Chapter XLIL, inasmuch as some 
extremely interesting and important work in improving microscopic 
methods of attack has recently been carried out by F. Becke of Vienna 
and E. S. Fedorov of Petrograd, in which both curves of equal retardation 
and isogyres have their own important places. The form of the isogyres 
has been deduced by Becke ^ from the consideration of curves of equal 
velocity, to which he has applied the name velocity ellipses or “ isotaques.” 
A series of models are represented in Fig. 853, constructed by Krantz of 
Bonn, which represent these curves on a sphere, for a typical set of uniaxial 
and biaxial crystals, the actual models which the figure represents being 
in the Science Museum at South Kensington. 

The two first are of uniaxial crystals, and the three others of biaxial 

* Min. und jKirogr. Mittkeil., 1906, 24, 1 and 34, 
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crystals having optic axial angles respectively of 30®, 60®, and 90®. 
They give a general representation of the directions of vibration of the 
light waves in the crystal, for these directions at any selected point are 
the tangents to the two curves (drawn like lines of latitude and longitude 
on the sphere) which intersect at that point. 

These curves of equal velocity, the isotaques, may also be projected 
in a stereographic projection, like the zones of crystal faces in our ordinary 
crystallographic stereographic projection. Their orthbgonal projections 
have, however, been preferred by Becke, and used by him for the deduc- 
tion of the shape of the isogyres, and such projections have been termed 
by him “ skiodromes.” While of great theoretical interest, however, 
skiodromes are not of much practical service, as the forms of the isogyres 
are so readily determined by actual observation, even if only by a micro- 
scopic method, and provided at least one of the biaxial pair be visible 
in the field of view. Such experimental determination is obviously far 
preferable, and the microscopic methods of Becke himself have rendered 
such practical work so much more valuable and trustworthy that it may 
almost always now be relied on to furnish more or less adequate in- 
formation. Nevertheless, the Krantz models of the curves of equal 
velocity are of great value in affording a graphic and concise review of 
the whole scheme of light vibration in the two great optical types of doubly 
refractive crystals. 

For all practical purposes the Lsochromatic curves of equal retarda- 
tion, currently known as the “ rings round the optic axes ” of crystals 
in convergent polarised light, and the isogyres, better known as the 
“ dark cross ” and the “ hyperbolic brushes,” are alone of prime and 
essential importance. 

Given a tabular crystal perpendicular to the first median line, and as 
accessory apparatus to the microscope either the Miers stage goniometer, 
the Fedorov universal stage, or that of Klein, the observation of the 
interference figure, the localisation of the optic axes, and the measurement 
of their angle of separation, can be carried out without any serious 
difficulty. Also, even when tabular crystals are not available and 
sections are too difficult to prepare, if a liquid of the same refractive 
index as the mean of the crystal indices can be found by trial from 
among a number of available liquids without action on the substance, 
such as those the refractive indices of which are tabulated on pages 810 
and 1185, the crystal apparently becoming invisible in such a liquid when 
the indices are matched, the optic axial angle can be measured with a 
whole crystal of other than tabular habit. But in more difficult cases, 
such as that of a crystal in a rock section, or one of a group not* readily 
detachable, or a crystal too small for such manipulation, the optic axial 
angle can still be determined by the use of convergent light by the 
method of Becke, or by use of parallel light by the method of Fedorov. 

Direct Determination of Optic Axial Angle by the Mien Stage 
Goniometer. — The Miers stage goniometer is very useful in all simpler 
cases, such as for measuring the optic axial ^ngle of a miniature crystal 
of tabular form perpendicular to the acute bisectrix. The crystal is 
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mounted with wax or other cement ^ on the end of the holder-needle, so 
that the plane of the optic axes is perpendicular to the goniometer axis. 
The cross spider-lines of the eyepiece are to be arranged parallel and 
perpendicular respectively to the goniometer axis, and the directions 
of vibration of the Nicols at 45° to these directions. The convergent 
system and Bertrand lens being in position, the objective is brought 
down by the coarse adjustment as close to the section-phte as possible 
without impeding the free rotation of the needle and crystal. Even if 
this be not close enough, employing the |-inch objective so suitable for 
this work and both sub-stage condenser and stage lens as convergent 
system, to permit of a full field of interference curves being obtained, 
it will be adequate to show the central part of the field, where each optic 
axial hyperbolic brush is to be brought in turn to the cross-wires at the 
centre. When the crystal has been adjusted for symmetry of the figure 
to the centre, the rotation is effected first on one side and then on the 
other until the vertex of each brush in turn is delicately adjusted to the 
spider-line (that one which is parallel to the tangent to tlie brush at the 
vertex of the hyperbola), when a reading of the goniometer circle is taken. 
(See Fig. 681, page 923.) The difference of the readings for the two 
brushes is 2E, the apparent optic axial angle in air. 

If the mean refractive index ^ has already been determined, the 
true angle 2Va can at once be calculated by means of the formula : 


sin Vu = 


sin E 

^ ■ 


But when a second plate perpendicular to the obtuse bisectrix is 
available, measurements with both plates can be made in oil or a still 
more highly refractive liquid such as monobromonaphthalene, and the 
true angle calculated from the apparent acute and obtuse angles in the 
liquid, 2Ha and 2Ho, just as described in Chapter XLVlll., with the aid 
of the formula : jj 


tan Vft = 


sin Ho 


The circular cell with truly parallel-surfaced plate-glass sides is used 
to contain the liquid ; it fits readily in the cut-away recess in the gonio- 
meter stage-plate, and when pushed as far as it will go in this recess, 
resting on the semicircular end, it is centrally placed. There is an opening 
in the cylindrical wall of the cell adequately large to admit the crystal, 
and the cell is arranged so that this opening is at the top when the micro- 
scope is arranged horizontally for this immersion work, as shown in Fig. 
823. The goniometer is so constructed that when the cell is thus placed 
in position the crystal and needle-end will be completely immersed in 
the liquid, when the cell is three-quarters filled. Two such cells of 
different sizes are shown lying on the base-board in Fig. 822 ; the circular 
metallic basal annulus of each of these cells has the same radius as the 
semicircular end of the recess in the stage-plate. 

^ The particular cement chosen will depend on the nature of the highly refractive 
immersion liquid which is to be* used in the later measurement of the true optic axial 
angle. It must obviously be a wax, gum, or cement which is not>soluble in that liquid. 
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Even if there be only Ihe one plate available, perpendicular to the 
acute bisectrix, the true angle can be found, as accurately as microscopic 
observation can ever go, by using as the immersion liquid one which 
has a refractive index for sodium light equal to the mean of the three 
refractive indices of the crystal, the observed angle being then the true 
angle 2Va for sodium light and approximately so for other wave-lengths. 
If the refractive indices have not been determined it is sufficient for 
approximate work to choose a liquid in which the crystal becomes invisible, 
for the refractive indices are then approximately alike. 

As the true optic axial angle 2Va, and even the apparent angle in air 
2B, as well as the nature of the interference figure itself, are so highly charac- 
teristic of the crystals of a substance, this determination and the observa- 
tions connected with it are of great importance as furnishing data for a valu- 
able description of the substance, and when no crystals large enough for the 
preparation of section-plates for use with the optic-axial-angle goniometer 
described in Chapter XLVlll. arc to be had (a crystal as large as a pin’s 
head will often suffice, when the cutting-and-grinding goniometer described 
in Chapter XLIII. is available) the crystallographic microsco])e is the only 
resort, and proves of the utmost value. For results almost as accurate 
as those obtained with larger crystals and the s])ecific measuring instru- 
ments referred to in Chapter XLVlll. can be attained by its careful use 
with microscopic crystals. For the simpler cases the Miers goniometer 
employed as just described is excellent, but for the more difficult cases 
recourse must be had to the universal stage, the various methods of using 
which will now be proceeded to. 

Convergent light methods are available whenever at least one optic 
axis appears within the field of vision. The method requiring the use 
of the Becke drawing table shown in Fig. 839 (page 1166) in the previous 
chapter is generally applicable, and accurate to within five degrees. The 
method involving the use of the double-screw micrometer described by 
F. E. Wright,^ in an excellent memoir on this subject of the new methods 
of microsco})ic inve.stigation, and illustrated in Fig. 828 (page 1167) in 
the previous chapter, is also of general application and both more accurate 
and simpler. It is an up-to-date improvement on the older well-known 
procedure of Mallard, and utilises Wulff’s method of projection. The 
results with both methods require to be plotted on a stercographic 
projection, and the optic axial angle is then measured graphically on 
the projection. Hutchinson’s stereographic net of particularly con- 
venient size, shown in Fig. 52, page 104, is extremely useful for the 
purpose ; or, if preferred, the net of either Fedorov or one of the other 
authors referred to in Chapter VI. may be used. • 

For parallel light work the method of Fedorov is the most satisfactory, 
provided the position of one optic axis can be determined directly. The 
situation of the second optic axis is then determined by the method of 
extinction curves. 

The most accurate results by both parallel and convergent light 
methods are with sections through which Jboth optic axes are visible, 
• ^ Amer. Journ. of Science^ 1907 , 24, 317 . 



1206 


* - ORYSTALLOORAPHY 


PART III 


while if neither is to be seen none of them are really satisfactory, and the 
method just described of immersion in a liquid of the same refractive 
index is the only hopeful one. 

Indirect Method of Mallard as improved by Wright.— As the Bertrand 
lens affords an image, the secondary one, of the interference figure in 
convergent polarised light, which can be focussed by a Ramsden micro- 
meter positive eyepiece, a micrometer spider-line can be ifimultaneously 
focussed. It is only necessary, therefore, to employ a Ramsden 
micrometer such as that shown in Fig. 827, in order to be able to get 
a linear measurement of the distance between the two vertices of the 
hyperbolic brushes, when both are visible in the field of view. An 
engraved micrometer such as is given with the Groth universal apparatus, 
and likewise brought into the focus of the positive eyepiece, serves the 
same purpose somewhat more roughly. 

The improvement introduced by Wright^ consists in using a double- 
screw micrometer. It is an ordinary Ramsden micrometer with the 
addition of a second micrometer at right angles to the first, each 
micrometer having its own screw with divided drum, and its own movable 
spider-line following absolutely the movement of the screw, as recorded 
by the drum divisions and a scale of notches or “ comb,” every fifth notch 
deepened, to record the number of comidete drum and screw revolutions. 
Its construction will be clear from Fig. 828, page 1157. The two move- 
ments are adjusted so that the two movable spider-lines are exactly 
perpendicular to each other. Each movement can be accurately read 
to 0*005 mm. The Ramsden positive eyepiece is fitted above with a 
cap pierced by a smell aperture, the function of which is to act as a 
small stop to minimise any possible errors of parallax. The two co- 
ordinates of any point on the dark axial bar (isogyre) of an optic axis in 
the field of view may thus be taken directly, when once the angular 
calibration value for the movement of each of the two spider-lines has 
been determined, in the manner which will presently be explained. The 
angular values may then at once be transferred to a stereographic net 
and the rest of the procedure of Becke’s method followed (described in 
the next section), which is essentially baaed on Mallard’s principle and 
original suggestion, for the determination of the optic axial angle. 

Mallard^ represented the distance of the axis of the microscope 
from one of the brush-vertices by D, which is thus the lineal repre- 
sentative of E, half the apparent optic axial angle in air. He then 
showed that 

D = K sin E, 

where K is a constant (the Mallard constant) for the particular optical 
lens system employed. The lens system must satisfy the well-known 
Abbe condition of aplanatism : 

sin u n'A 

-r — 7 = — =a constant, 
sin u n 

^ Amer. J(hrn, of Science, 1907, 24, 336. 

« BuU. Soc. Min. Fr., 1882, 6, 77. ► 
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in which u and u' are the angles of convergence of the rays in the two 
parts of the convergent systems of lenses, n and n' their indices of 
refraction, and A the magnification. All the microscopes by the best 
malcers, supplied with condensing system, aplanatic objective such as 
a Swift I -inch or a Fucss No. 9 of equivalent focal length of 2*7 mm. and 
numerical aperture 0*97, Bertrand lens, and Rainsden eyepiece, fulfil 
these conditiilns. Moreover, Mallard showed that 1) is always pro- 
portional to the sine of the apparent half-angle E ot* the optic axes in 
air, as will be obvious from his formula. The constant K is determined 
experimentally, by means of a few section-})lates ])erpendicular to the 
first median lines of crystals of well-ascertained magnitude of 2E, as 
varied as possible. We then have : 

sin E 

The simplest method is to measure with each of these chosen section- 
plates the distance between the vertices of the two dark hyperbolic 
brushes, as if measuring an optic axial angle but in scale and drum 
divisions instead of angular measure, this distance being 2D. That is, 
the movable spider-line undergoing calibration is adjusted first to the 
summit of one hyperbola and then, after noting the reading of the scale 
and drum, it is traversed by rotation of the milled head of the drum 
until the other hyjierbolic summit is similarly adjusted, when another 
reading is taken. The difference of the two readings is 2D. As we 
know the actual angular value 2E of the optic axial angle in air thus 
linearly measured we can at once make uj) the equation for K above 
given and find K. Doing this for the several section-plates chosen, we 
obtain several more or less concordant values for K, the mean of which 
may be taken as the trustworthy value of the constant once for all. 
We are then in a position to employ Mallard’s equation to find the E, 
and therefore 2E, of a crystal of unknown optic axial angle, by use of 
the double micrometer to measure linearly the distance between the 
vertices of the two hyperbolae when the latter are both visible in the 
field of the microscope, for sin E = D/K. 

When the section-plate is not quite perpendicular to the bisectrix of 
the angle between the optic axes, the spider-line is placed over one axial 
vertex, the section rotated 180°, and the spider-line traversed to the new 
position of the same vertex ; half the difference between the two positions 
is a value of D corresponding to the real distance of the optic axis from the 
centre of the field. A similar operation is then performed for the other 
hyperbolic vertex, and a value of D obtained for this correspemding to 
the distance of this second vertex from the centre. By using the formula 
sin w=D/K to calculate u in each case, two values of u are obtained 
corresponding to the real angles made by each optic axis with the normal 
to the plate, the sum of the two being 2E. 

Blethod of Becke, by use of the Drawing Table,— When the plate is 
not nearly perpendicular to the acute bisectrix of the optic axial angle 
the method in ile simple form is inapplicable. But Becke (references 
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giv^ at foot of page 1202) has admirably generalised it by the intro- 
duction of his drawing table and the use in connection with it of the 
stereographic net. The drawing table, however, is not absolutely indis- 
pensable when the microscope is fitted with the Dick arrangement, 
described so fully in the last chapter, for the simultaneous rotation of 
both Nicols, which was first arranged for Mr. Allan Dick by Swift and 
has now also been adopted by Fuess and other first class makers 
of crystallographib microscopes. Becke’s method depends essentially 
on the fact that the isogyres, the dark hyperbolic brushes, pivot 
round the poles of the optic axes when the section-plate is rotated 
in its own plane on the stage of the microscope. The position of one optic 
axis, which should be visible in the field for the method to be applicable 
in its more accurate form, is determined by the intersection of the isogyres 
observed about this axis for different positions of the stage, some definite 
angular distance apart, such as 30° or 45°. For this purpose he projects 
the interference figure by means of the Abbe camera lucida (shown in Fig. 
839 in the previous chapter) on his rotatable drawing table (also shown in 
Fig. 839), which can be accurately centred by three screws arranged at 
intervals of 120°, or by two screws arranged at 90°. That is to say, simul- 
taneous images of the interference figure and the drawing on the drawing 
table are arranged to be obtained on looking through the camera lucida. 
The rotating plate of the drawing table has a series of concentric circles 
engraved on it to facilitate rapid centring to identity of axis of rotation 
with that of the centre of the image of the interference figure. The 
drawing table is graduated in degrees, and may, if desired, be supported 
on an arm attached to the microscope stand instead of on the base-board, 
and is recommended to be so used by Wright. 

Having fixed its position so that its axis of revolution coincides after 
reflection in the camera lucida with the optical axis of the microscope 
and so that it is also at the proper distance from the eye for clear vision, 
and having determined its constant K corresponding to the K of the 
microscope in the formula D = K sin E (several methods of determining 
which are given by Becke, analogous to that used for the Bamsden or 
Wright micrometer just described), any interference figure can be 
traced and the angular position — the polar angle p and longitude angle <j> 
— of any point in the projection can be determined from the drawing 
and plotted subsequently on a stereographic projection net, such as that 
of Hutchinson given in Fig. 52. Thus the angular distance between 
any two points, for instance the two optic axes if both are present at 
once in the field, can be graphically found. As stated in the last section, 
however^ this particular simple problem can be solved more readily by the 
use of Wright’s double micrometer, the drawing table being unnecessary. 
The value of the method comes in when only one optic axis is present 
in the field of view. 

When only one optic axis is visible, the method of Becke depends on 
the fact that the dark axial bar or hyperbolic brush, the isogyre, exhibits 
a curvature definitely related to the magnitude of the optic axial angle, 
and also on the well-known Biot-Fresnel rule explained on page 897 
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in Chapter XLII. This important rule, which Biot ' demonstrated experi- 
mentally and FresneP explained theoretically, is that the direotioiUi o! 
extinction in any section of a biaxial crystal are parallel to the traces, 
on that section, of the planes bisecting the angles between the two planes 
containing the normal to the section and the optic axes. The normal 
to the plate being the common line of intersection of all four of these 
planes, and tlfe two bisecting planes being at right angles to each other, 
their traces, the extinction directions of the plate, are also at right angles 
to one another. They (the extinction directions) are the directions of 
possible light vibration in the plate, those of the two rays into which by 
virtue of the property of double refraction the light is divided on entering 
the crystal plate. They are also the principal axes of the elliptic section 
of the optical indicatrix made by the plate. This law of Biot and Fresnel 
is a natural extension to biaxial crystals of the law of Malus® governing 
the case of a uniaxial crystal, that the lines of extinction in any given 
section are parallel and perpendicular respectively to the trace of the plane 
containing the normal to the section and the optic axis. 

This fundamentally important Biot- Fresnel law can be illustrated by 
a very simple model, of which the e.ssentials are (1) a Hat board to repre- 
sent the crystal plate, (2) a rod standing upright from the centre to 
represent the normal, (3) two other rods to represent the optic axes, 
each hinged at one end with a ball-and-socket joint to the centre of the 
base-board, from which they thus spring in common with the fixed rod, 
but are able to be fixed at any required angle to each other, the optic 
axial angle, and to the fixed normal rod, and (4) a sheet of metal with 
one essential edge truly straight. On laying the metal sheet against 
the normal rod and one of the optic axial rods, with the straight edge 
resting as a ruler on the base-board, the trace of the plane on the base- 
board, or preferably on a card cut to the shajie of the crystal plate resting 
on the base-board, can be drawn by ruling. Similarly the trace of the 
plane of the normal and the other optic axis can 
be drawn. On then bisecting the two angles, 
acute and obtuse, formed by these two lines thus 
drawn, the two rectangular extinction -vibration 
directions are obtained, the traces of the two 
bisecting planes. When the card representing 
the crystal section has been accurately cut, the 
relations of the extinction directions to the 
faces bounding the section are thus at once seen. 

The axial bar is first drawn when in a 
position parallel to the horizontal cross-wire, 
that is, when the extinction directions of the 
section are parallel to the vibration directions of the Nicols, as shown at 
AjC in Fig. 854, which is due to Wright. The graduation of the circle 
of the drawing table for this position should also be made the same as 

^ Mem de VAcad. de VIml. de France^ 1820 , 3, 228 . 

> Pogg. Ann., 1831 , 23, 642 . ‘ 

’ Mem. pria. d Vlnst. Sc. math, ei phya., 1811 , 2 , 303 . 
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that of the rotating stage of the microscope. This line A^C is the trace 
of the optic axial plane. The microscope stage or the Nicols and the 
drawing table arc then revolved either 30° or 45° in the same direc- 
tion, and the axial bar is drawn in the new position A^P ; Aj is common 
to both, as it is the position of the optic axis about which the brush 
is rotated, that is, it is the pole of the optic axis. The drawings are 
then repeated after revolution of the microscope stage {t)r the Nicols) 
or drawing table alone through 180°, giving and A\P', in order to 
determine the exact centre of the field 0. For the centre is the middle 
of the line joining the poles in the two positions 180° apart. The 
angle u which this optic axis Aj makes with the normal to the plate 
satisfies Mallard’s equation D = K sin u, in which D is the distance on 
the drawing of the ])olc Aj from the centre of the field 0, and K is the 
usual constant for the apparatus. If both axes were visible we should 
simply proceed likewise to find the j)osition u' of the ])olc of the other 
axis, from the equation D'==K sin u', as shown in the last section. 
Then m + w' = 2P1. When the plate is perpendicular to the acute 
bisectrix w = F. 

But only one axis being visible we proceed as follows. The point 
P being on the dark isogyre, the plane of vibration of the light waves 
propagated at this point is the same as that of the polarising Nicol. 
It is, therefore, only necessary to apply the law of Biot graphically 
in order to find the second optic axis A 2 . The graphical operations 

necessary thus to measure the optic 
axial angle A 1 A 2 from the data on 
the drawing are developed in Fig. 
855, which is also due to Wright. 
The points and P are first accur- 
ately located in the drawing, reduced 
to angular values by use of the 
Mallard equation, and then plotted 
on a stereographic projection-net 
])rinted on tracing paper, such as 
that of Hutchinson given in Fig. 52. 
The great circle A'iA '2 to which P is 
polar, and the horizontal great circle 
A 1 A 2 passing through the known 
point A], are then drawn. The 
point A'l is' then the intersection 
of the great circle passing through P and Aj with the great circle A'iA' 2 , and 
the line OC is the trace of the plane of vibration of the polarising Nicol 
as it occurs after rotation for the 30° or 45°. As A' 2 C is equal to A\C 
by definition and the conditions of the drawing of the axial isogyre, and 
the intersection Ag of the great circle PA '2 great circle A 1 A 2 

determines A 2 , AjAg is the desired optic axial angle. 

This concrete illustration will, it is hoped, give a clear idea of the 
method of Becke in applying still further the principle of Mallard, and 
of the use of the drawing table and stereographic netl‘ Becke has also 
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described methods in which the graphical constructions are performed 
on gnomonic and orthogonal projection-nets, but the stereographic net 
is both equally adequate and on the whole more satisfactory, having 
such definite relations to the optical ellipsoid and to the crystal 
structure. 

Collingridge s Alternative Method. — The following valuable contribu- 
tion to this iiAportant subject, which will help materially to render it 
clear, is taken from a “ Note on the Determination of the Optic Axial 
Angle of a Crystal in Thin-section by the Mallard-Becke Method,” by 
Harvey Collin grid ge.^ 

” Mallard’s original method ^ was based on the measurement of the 
linear distance, as determined by an eyepiece-micrometer, between the 
optic axes in a section of the crystal at right angles to the acute bisectrix 
viewed in convergent light. 

‘'Professor F. Becke improved on this method by utilising sections 
which were not at right angles to the acute bisectrix, but in which both 
optic axes were visible in the field. He j)rojected both axes by means of 
an Abbe camera-lucida on to a revolving drawing-table, and by means 
of the Mallard equation plotted the axes on a 8tereogra])hic ])rojection and 
thus obtained the optic axial angle, the angles of course being corrected 
for refraction to the true angles in the crystal section. Professor Becke® 
subsequently, by utilising the Biot-Fresnel law. formulated a graphic 
method of obtaining the optic axial angle from a section in which only one 
axis was visible. 

“ As a controversy has arisen between Professor Becke and Dr. F. E. 
Wright as to the correct method of obtaining the position of the second 
axis, and as the method the author pro 2 )oses seems to avoid the debatable 
point, a brief resume is given below. 

“ Professor Becke ’s method is as follows (Fig. 85C) : 




“ The visible isogyre is first drawn when it forms a straight line in an 

^ Mineralogical Magazine, 1913, 16, 348. 

* E. Mallard, BuU. Soc. miniralog. de France, 1882, b, 77. 

» F. Becke, Min Petr. MiU. (Tachennak), 190f!; 24, 1. See also J. W. Evans, 
Mineralogical Magazwi, 1907, 74, 230 and 276. 
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east and west direction, thus determining the optic axial plane. The 
section is then turned through any convenient angle, say 30° to 45°, and 
the drawing-table is revolved the same amount in the same direction. 
The new position of the isogyre is then drawn. The intersection of the 
two traces of the isogyre gives the position of the visible optic axis A. 
Any convenient point H on the second position of the isogyre is taken 
and with A is transferred, duly corrected for refraction, to u stereographic 
projection. A great circle through A on an east and west diameter is 
drawn, thus marking the optic axial plane, and on which consequently 
the second optic axis must lie. A great circle HAA^ is drawn through 
H and A. Another great circle A^CBi, of which H is the pole, is drawn 
cutting HAAi in A^. The plane of vibration through H is then given by 
a great circle tangent at H to a straight line parallel to the second position 
of the plane of vibration through the lower nicol. This intersects the 
great circle A^CB^ in C. On this great circle A^CBi an arc CBj is set 
of! equal to the arc CAj. A great circle HBBj is then drawn cutting the 
great circle which marks the optic axial plane in B. By virtue of the Biot- 
Fresnel law, the optic axial angle 2V is then read directly by the arc AB. 

“ Dr. Wright, in his recent book on The Methods of Petrographic- 
Microscopic Research} takes exception to Professor Becke’s method of 
finding the plane of vibration through the point H, and is of opinion 
that it is more correctly represented by the great circle passing through 
H and the intersection C of the polar great circle with the trace of the 
principal plane of the lower nicol (Fig. 857). 

“ The author proposes to avoid this contentious point by the following 
simple method (Fig. 858) ; 




' FIG. 868. Fig. 869. 

Collingridge’s Method. 

“ Instead of taking a point H on the isogyre the centre of the field 0 is 
used. A straight line is drawn from 0 through the first optic axis A, 
cutting the circumference of the stereographic circle in M. The position 
of extinction N is then marked on the circumference of the same circle. 


' F. E. Wright, Carnegie Institution of Washington, 1911, PuM. No. 168, p. 160. 
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From N an arc NP is set off «qual to MN. P is then joined to 0 by a 
straight line and produced if necessary to cut the great circle marking 
the optic axial plane in B. The point B will then be the second optic- 
axis. 

“ The advantages that this method would appear to give are the 
following : 

(1) All doiibt is removed as to the correct plane of vibretion through H. 

(2) Greater ease and accuracy in graphic construction as — 

(а) 0 may be determined with far greater certainty tlian a point 

on a more or less clear isogyre. 

(б) Only one great circle is necessary to be drawn, the remaining 

lines being straight. 

(c) The line of extinction can be found with considerable accuracy 
in convergent or parallel light, the latter being no doubt 
the better. 

“ The method proposed is of no service when the axial ])lane lies on 
a diameter, as the line of extinction will then be coincident with it. 

“ It frequently happens that, when the optic axial angle of a thin 
section or cleavage Hake of a crystal is required, an optic axis is a little way 
beyond the field, thus rendering the determination by the Mallard-Becke 
method impossible. In such a case it is }) 088 ible to make a fairly good 
determination by combining Professor Becke’s method of obtaining the 
second optic axis with the method proposed above by the writer (Fig. 859). 
As in Professor Becke’a method the optic axial plane is found by placing 
the isogyre horizontally in an east and west direction. The point H is 
then fixed precisely as before, and in addition the position of extinction 
is noted. All these data are transferred, duly corrected for refraction, 
to a stereographic projection. On this stereographic projection the point 
C on the great circle polar to H and the position of extinction X on the 
base circle are marked. Now if A and B be the positions of the optic 
axes, it is clear, by virtue of the Biot-Fresnel law, that OX will bisect the 
angle BOA (internally or externally), and also if Bj and Aj be the points 
where great circles HB and HA cut the great circle j)olar to H, that CBj = 
CAj. We now proceed to find the points A and B by trial and error. 
Set off on the base circle a series of equal arcs XAj, XB 2 , and on the polar 
great circle a series of equal arcs CAj, CB,. Trial and error will then 
determine with a reasonable amount of accuracy which values of A 2 , Bj, 
Ai, and Bj are to be taken so as to fulfil the necessary condition that OBg 
and HBj intersect at B, while OAj and HAj intersect at A. The procedure 
need not necessarily be a long one, as inspection of the field gives a rough 
idea of where the optic axis A is situated. 

“ It is not suggested that the method can compare in accuracy with the 
case in which one optic axis is visible, but it is claimed that fairly reason- 
able accuracy may be obtained if no other method can be used. The 
diagram (Fig. 859) is that for a cleavage flake of labradorite. 2V was 
found equal to 69°. By using a very wide angle condenser, and thus 
rendering both a^es visible, 2V was determilied as 71°.” 
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Method of Fedorov, by Use of the Universal Stage.--Sections of crystals 
wliich would formerly have been considered quite hopeless for the purpose 
can now be made to yield the optical constants with very fair approxima- 
tion to the truth by this method. Parallel polarised light is chiefly used 
by Fedorov (references given on page 1160), with the crystal mounted on 
the universal stage, which is fixed on the ordinary stage of the microscope 
in the manner described in the previous chapter. t 

The essence of the method is that when an optic axis is brought 
parallel to the axis of the microscope in parallel plane-polarised light 
the section-plate remains uniformly dark when revolved about that axis. 
The universal stage enables the optic axis to be thus brought parallel to 
the microscope axis with great ease and consequently to be found directly 
by experiment, when the opti(; axis in question emerges somewhere in the 
field of view. The positions of both optic axes are found in this way in 
parallel light if possible, but if the optic axes do not emerge they are 
found by means of determinations of extinction directions in definite 
zones of faces ; the results are plotted on a stereographic net, with the 
aid of a second such net on tracing paper. It is then possible to 
determine graphically both the optic axial angle and the orientation of 
the section-plate with respect to the optical ellipsoid, although neither 
optic axis may be visible through the plate. The true angles in the 
crystal are found before plotting on the net, by use of the mean refractive 
index of the crystals, which Fedorov also gives a method of finding, 
together with the approximate double refraction. The Biot-Fresnel rule 
is again much used as a base of operations, namely, that the planes of 
vibration of light waves propagated in any given direction bisect the 
angles between the two planes each containing one of the two optic axes 
and the given direction. Fedorov recommends the use of circular glass 
mounts 2 centimetres in diameter for the crystals or mineral sections, 
instead of the ordinary microscope 3-by-l-inch slips. The universal stage 
enables a crystal section to be examined under the microscope in any 
position, and to be revolved about any axis, thus affording control over 
all possible orientations. 

There are four cases distinguished by Fedorov, for which he 
recommends certain procedure as most convenient : (1) when both 
optic axes are visible, and inclined between 15° and 55° to the normal 
to the section ; (2) when one optic axis only is visible, and inclined less 
than 20° to the normal to the section, the second optic axis being 
unable to be brought into view by any revolution of the stage ; (3) 
the same as (2) but the inclination of the optic axis is more than 20° 
to the normal ; (4) both optic axes are outside the field of view of the 
microscope. The methods recommended for treating these four cases are 
briefly as follows. 

(1) The positions of tho two optic axes are determined by bringing each one, by 
means of the two circles Vi and Hi of the universal stage as shown in Fig. 834 (p. 1161), 
into the vertical position, when the crystal will remain dark under crossed Nicols during 
the whole revolution of the microscope stage or when tho Nicols are simultaneously 
rotated. Also in feebly convergent light the optic axis can aot^ially be seen, when 
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SO adjusted, in the centre of the %ld. The position of each is then oonarmed by 
means of extinction angles along definite directions, and by plotting the results on a 
stereographic projection ; the “ optical curves ” thus obtained will all intersetit in the 
optic axis in question. 

To obtain such an optical curve the crossed Nicols are first placed in some definite 
position, then is turned through 5“ at a time and for each position the angle of 
inclination about is found for which the crystal plate is at maximum darkness. 
The observed anr^es are then reduced to true directions in the crystal by use of the 
mean refractive index (i of the crystal, and those directions in ihe crystal are found 
for which the extinction is 0° for a given position of the Nicols. The curve uniting 
these directions is the “ optical curve ” of Fedorov. Other analogous curves are 
then obtained and plotted for other definite positions of the crossed Nicols, when tliey 
will all be found to intersect in the optic axis. In the case (1) before us, as the 
position of the latter has been found approximakdy already, only one setting of Hj at 
5° or 10° on each side of the approximately known position is necessary. Convenient 
positions of the Nicols are at 0°, 45°, 1.5°, and 30° from the axis of V\. 

When both axes are present m the field of view their positions arc determined 
each separately as above, and plotted in stereographic projection ; then the optic 
axial angle 2V,i is measured graphically, with the aid of tlie formula : 

2Va =co3 V . cos v' +sin v . sin v' . cos {h - h'), 

in which v and v' are the readings on the vertical circle Vj, of the universal stage, for 
the two respective optic axes, and K and h' the corresponding readings on the circle of 
the rotating microscope stage. 

(2) The section-plate being nearly perpendicular to an optic axis (within 20°), the 
universal stage is arranged with the two gimbal circles Hj and IIj horizontal. H, is 
then turned slightly about its axis of rotation A4, and also inclined about V, by 
rotation about axis Aj, until darkness is produced and the optic axis coincides exactly 
with the axis of the microscope. To find the other optic axis, the vertical goniometer 
circle Vj and the gimbal circle Hj are then rotated until darkness is again attained, 
the plane of tlic optic axes being thus found, and also the apparent position of the 
axis (i of tlie optical ellipsoid. The circle Hj is then brought back to 0° with respect 
to circle Vj, and is rotated until the visible optic axis (Aj in Fig. 860) 
comes to lie in the plane (OCD in Fig. 860) which is perpendicular to the axis Aj 
of Vi and the extinction curve determined, the intersection of which with the plane 
of the optic axes in the projection fixes the position of the second optic axis. 

To determine this extinction curve the extinction angle EOD in Fig. 860 is first 
found, when the stage is in the horizontal position, and also subsequently when it is 
at such an inclination about Vj that the extinction angle is 46°. This can be 
recognised by placing the Nicols in the 45° position and then revolving about V, until 
darkness ensues. By thus ascertaining the angle of revolution necessary to attain 
the required 46° extinction angle, the great circle CAjM (the plane in which the 
unknown optic axis must lie when the extinction angle is 46°) is fixed with reference 
to the horizontal diameter. The position of Aj, the second optic axis, on CA,M is at 
the point where it is intersected by a radius OB drawn at an angle DOB equal to 
twice the extinction angle DOE. ■, 

The results can be confirmed by determining the positions of the axes a and 7 of 
the optical indicatrix both from the projection and directly by observation. They 
may also bo checked by determining the extinction curve for revolution about the 
circle V,. 

Owing to the effects of elliptical polarisation in producing indistinctness of 
extinction phenomena when the section-plate is steeply inclined, the above simple 
method does not always work perfectly, in which ?ase another more general one is 
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available. After having placed the known optic «xis in tire plane (NO in Fig. 861) 
normal to the axis of the circle V„ as in the method just described, the extinction 
angles are measured for different inclinations of the stage about the axis of Vj (MOE 
in Fig. 861 being that for the horizontal position), and reducing these angles as usual 
to real angles within the crystal by means of its average refractive index ; the reduced 
angles are then plotted on a storeographic net, as in Fig. 861. The radii which make 
an angle with the vertical diameter NOM equal to twice the extinction angles (OAj in 
Fig. 861 is such if EOA^ be drawn equal to EOM) will bo planes containing the second 
optic axis Aj, the exact location of which can be found by noting for two given radii, 
such as OAj and OA'j (MOE' being a new extinction angle and E'OA'j its equal, drawn 
in by construction), the small circle the arc AjA'j of which intercepted is equal to the 
angle of revolution of the stage. The determinations should be rcjreated for different 
stage inclinations, such as those equivalent to 0'’, 10°, 20°, 30°, 40°, and 45° within the 
crystal, on both sides of the normal to the section -plate. This method is perfectly 
general, and the result can be checked by drawing the great circle CF, which marks 
the position which the jjlanc would assume were the section-plate turned back to 
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its original position. In practice the position of Ag is determined for a number of 
different angles of revolution about the goniometer axis of the circle and the mean 
taken as the true situation of Ag. 

(3) When one optic axis is visible, inclined between 20° and 55" within the crystal 
to the normal to the section -plate, the second optic axis being out of sight, the visible 
optic axis is first determined by optical curves as before, and the second optic axis by 
means of extinction curves about the axes of rotation both of the main goniometer 
circle and of the arc Vg. The results may be confirmed by determinations of the 
positions of the three axes of the optical ellipsoid a, jS, and y. 

(4) When both optic axes are invisible their location is accomplished entirely by 
means of extinction curves, and the accuracy is of a low order, as a small error in the 
determination of an extinction angle affects the optic axial angle very considerably. 

The above examples will have afforded some idea of the very valuable 
work of Fedorov, in devising methods of determining the optical constants 
with a single miniature section-plate of a crystal orientated anyhow, or a 
minute crystal of tabular form. In these methods, together with the 
method of Becke, and the simplification of the latter by the introduction 
of the principle of simultaneous rotation of the Nicols ip crystallographic 
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microscopes, which we owe to »the ingenuity of Mr. Allan Dick, as well as 
the modification of the Becke method introduced by Wright, dependent 
on the use of a double micrometer, crystallographers have now the means 
of investigating with considerable prospect of success crystals of minute 
size, possibly only thin miniature plates, which at first sight look most 
unpromising. The united labours of these workers have conferred an 
altogether higl^er value on the crystallographic microscope as an instru* 
ment of original investigation, quite apart from its magnificent and 
unique value in the study of the natural crystals in thin sections of rocks, 
to which crystals these methods are equally applicable. 

Wright has made an interesting calculation of the probable frequency 
with which a crystal showing at least one optic axis may be encountered 
in a rock-section, and finds it to be 4 out of 10 in the case of uniaxial 



Fig. 862.— Nikitin’s Hemispliere for the Graphical Soiution of Universal Stage Problems. 


crystals, and as high as 8 out of 10 in the case of biaxial crystals. As 
in all these cases results are certain to follow the careful application of 
these improved methods, it will be obvious that suitable individual 
crystal-sections for the measurement of the optic axial angle and other 
optical constants are likely to be found for such an investigation in 
every rock-section exhibiting clear crystals, 

Nikitin’s Hemisphere for recording Universal Stage Resulte.—A very 
useful apparatus, which is shown in Fig. 862, has been devised by W. 
Nikitin^ in Fedorov’s laboratory in Petrograd, for the purpose of 
graphically recording in pencil on the surface of a porcelain hemisphere 
the results obtained with the universal stage. A massive wooden base a 
carries the hemisphere b, the equatorial plane of which is circumscribed 
by a fixed metallic annulus divided directly into degrees. Vertical 


^ Zeiiechrift fUr Krystallographie, laiO, 47, 379. 
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great circles like meridians of longitude and small circles resembling 
parallels of latitude, are clearly painted on the hemisphere at every 10°. 
The hemisphere is directly mounted on the circular plate c fixed to the 
base-board, and around it there revolves an outer annulus d, which 
carries with it two semicircular divided metallic limbs e and /; the 
former e is fixed in the vertical plane, so as always to follow a meridian of 
lon^tude, while the latter f is attached by hinges g, so that it can be 
inclined on either side, to reproduce the effect of the rotation of the 
inner gimbal of the universal stage, the inclination to the horizontal 
plane being measured by the limb e. This tilting limb / enables not 
only the angle between any two points on the sphere to be measured 
directly, but also any section of the sphere by any diametral plane to 
be traced on the porcelain surface by the pencil. As all symmetry- 
planes of the optical ellipsoid are diametral, their traces can be at once 
drawn on the sphere. The positions of the optic axes can also be laid 
down on the sphere from the readings of the universal stage, and the 
optic axial angle can consequently be immediately read off between 
the two points thus marked with the aid of the hinged limb. The 
apparatus is also generally useful for the graphical solution of any 
stereographical problem which may arise. 

Plotting spheres have also been described, with illustrations, by C. H. 
Warren ^ and by J. M. Blake, ^ which serve similar purposes to those for 
which the Nikitin hemisphere has proved so useful. 

^ Anier. Journ. of Science^ 1917, 42, 493. 

» Ibid., 1917, 43, 237. 
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CHAPTER LIV 

ISOMORPHISM 

Probably no scientific term has ever been so misapplied, so loosely 
applied, and indeed so often completely misunderstood, as “ isomorphism.” 
The term was introduced by Mitscherlich i in the year 1819, while in 
Stockholm with Berzelius, and at the latter’s suggestion that a name 
should be given to the phenomenon which had just been observed by 
Mitscherlich during the course of his first research, namely, that certain 
salts of analogous chemical constitution— the phosphates and arsenates 
of potassium and ammonium, and also the metallic sulphates known as 
“ vitriols ” — crystallise in similar forms, in crystals which were in- 
distinguishable with the goniometrical means then available to him. 
His exact words in the memoir on the phosphates and arsenates, which 
he read to the Berlin Academy in December 1819, are : “ Ihre Formen so 
ubereinstimmend sind, an Wert und Anzahl der Flachen und Winkel, 
dass es nicht moglich ist, irgend eine Verschiedenheit, selbst nicht einmal 
in den Charakteren, die zufallig scheinen, aufzufinden.” He derived the 
word isomorphism from icrdj, “ equal to,” and “shape” or “ form,” 

so that the word means “ equally shaped ” or “ identically formed.” 

It should not be forgotten, however, that Wollaston had already in 
the year 1812 discovered the phenomenon, as the result of accurate 
goniometrical measurements carried out with the reflecting goniometer 
which he had invented in 1809 ; he measured the crystals of the rhombo- 
hedral carbonates calcite CaC 03 , magnesite MgC 03 , chalybite FeC08, 
calamine ZnCOs, rhodochrosite MnC 03 , and also those of two ortho- 
rhombic isomorphous groups of minerals, namely witherite, strontianite, 
and cerussite (the carbonates of barium, strontium, and lead), and 
barytes, celestite, and anglesite (the sulphates of the same three metals). 
Wollaston, moreover, had perceived the true nature of the phenomenon, 
namely, that the crystal angles of the members of each series were only 
similar, not identical, and later he completed the study of the first group 
by measuring also the crystals of aragonite, the rhombic form of calcium 
carbonate. As has ^o often happened with British discoveries, however, 
Wollaston’s observations were ignored until they were confirmed on the 
Continent by Mitscherlich, and adequate credit has never been given to 
Wollaston, the real discoverer of isomorphism. 

1 Am, Chim. Phy6., 1820, U, 172 ; and 1821, 19, 360. 
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Mitscherlich’s further work in the yehrs 1819 and 1820 with the 
vitriols, the sulphates of ferrous iron, copper, zinc, magnesium, nickel, 
cobalt, and manganese, moreover, had resulted in finding that not only 
were most of these salts isomorphous, but that, as regards five or six of 
them, each was capable of crystallising in either of two different forms, 
rhombic and monoclinic, and was thus “ isodimorphous.” The rhombic 
group, under ordinary circumstances, consists of magneijium sulphate 
(Epsom salts) Mg)^04 . THgO, zinc sulphate ZnS04 • and nickel 

sulphate NiS04 . 7H2O ; and the monoclinic group, as crystallised at 
ordinary temperatures, consists of ferrous sulphate FeS04 . THgO, and 
cobalt sulphate C0SO4 . 7H2O. Although the two other members of the 
group, the sulphates of copper and manganese, usually crystallise in a 
third triclinic form with five molecules of water of crystallisation, as 
CUSO4 • 5H2O and MnS 04 . 5H2O, Mitscherlich found that if the. 
crystallisation were conducted at a temperature lower than 7° C. in the 
case of manganese sulphate rhombic crystals of MnS04 . 7H2O were 
deposited resembling those of Epsom salts. Further, if a crystal of either 
the rhombic or monoclinic group were dropped into a saturated solution 
of a member of the other group, this latter salt would crystallise out in 
the form of the crystal introduced. This evidence of dimorphism was 
further confirmed by Mitscherlich during the same year by the definite 
establishment of the much-discussed case of carbonate of lime, which 
occurs as the well-known trigonal (rhombohedral) calcite and the rhombic 
aragonite, as one of dimorphism. Somewhat later, in the year 1823 , 
Mitscherlich discovered the very clear case of dimorphism of sulphur, 
and showed that the ordinary rhombic form could be converted into the 
monoclinic form by merely fusing and allowing })artially to solidify (until 
a crust is formed), and then decanting the remaining liquid, leaving the 
monoclinic needles radiating from the sides of the crucible. 

It is also interesting to record that Mitscherlich completed his first 
year’s work by the first preparation of the potassium members of the 
large and important isomorphous series of monoclinic double sulphates 
crystallising with GHgO, by mixing a solution of potassium sulphate 
with a solution of any one of the seven sulphates (then known as 
“ vitriols ”) above referred to. Moreover, in the year 1827 Mitscherlich 
made the first preparation of selenic acid H2Se04, the element selenium ^ 
having been discovered ten years previously by Berzelius ; and he 
showed that the selenates derived from the acid are isomorphous with 
the sulphates, and that the series of double selenates prepared from it 
are isomorphous with the double sulphates, both crystallising with 6H2O, 

the whole, in fact, forming one single series K'2M"^g^04^2-6H20, justas 

the simple rhombic sulphates and selenates may be considered as one 
S ' 

single series, K'2g^04. It was this discovery of these two important 

series which has rendered the many years of work possible which the 

^ So named from <T€\‘^vTf, “the moon,” on account of ita relationship to the 
previously discovered tellurium {tdlus, the earth). i 
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author has devoted to their stiidy and very detailed measurement. Even 
this was not all Mitscherlich s great service, for he was able subsequently 
to show that the chromates and manganates are isomorphous with the 
sulphates and selenates, and that the perchlorates and permanganates 
also form another orthorhombic isomorphous series; ■K2SO4, K2Se04, 
K2Cr04, and K2Mn04 will be observed to be analogously constituted as 
regards the nmnber of atoms present in the molecule, as are also KCIO. 
and KMn04. • * 

The first result of this magnificent work of Mitscherlich w'as to enable 
Berzelius, by making use of the principle of isomorphism, to fix with 
certainty the atomic weights of copper, cadmium, zinc, nickel, cobalt, 
iron, manganese, chromium, 8ulj)hur, selenium, and chlorine, the positions 
which he assigned to these elements being those accepted to-day ; only 
the decimal places of their atomic weights have required correction 
as more accurate analytical methods and more delicate balances became 
available. 

When Mitscherlich first bestowed the name isomorphism on the 
important phenomenon which he had discovered, he was not in jwssession 
of a goniometer delicate enough to detect the minute angular differences 
which exist between the crystals of similar symmetry of the substances 
whi(;h he classed as isomorphous, and which belonged to the tetragonal, 
rhombic, and monoclinic systems. There can be no doubt that from the 
broad point of view which was alone possible to him he did really believe 
in these early days that the crystals were “ equal-shaped.” But later, 
after the completion of his work on the selenates and the large series of 
double sulphates and selenates, and in view of the accurate measurements 
of Wollaston, he began clearly to doubt his earlier imj)ression that literal 
identity of form occurred in the cases of these numerous isomorphous 
substances. For he caused to be constructed, by the then famous mathe- 
matical mechanician Pistor, the most accurate Wollaston goniometer 
which had up to that time been produced ; it read to ten seconds of arc 
with the aid of four verniers. Instead, however, of employing it for its 
designed purpose, the carrying out of careful com])arative angular measure- 
ments of great refinement, he used this super-delicate instrument for a 
research on the alteration of the crystal angles by rise of temperature, and 
never subsequently found an opportunity of returning to his originally con- 
templated task. This task it has fallen to the lot of the author to under- 
take, and during thirty years to carry out, with these two most important 
and extensive series of the isomorphous salts discovered by Mitscherlich. 
For the subsequent discovery by Bunsen in the years 1860 and 1861 of 
the two rarer alkali metals rubidium (1861)^ and cecsium (1860), J belong- 
ing strictly to the same family group as potassium, at once trebled the 
number of salts composing those series, and the K in the two general 
formulae given on the previous page may be replaced by the general letter 

^ So called by Bunsen from rubidus, I..atin for “ darkest red,” on account of its 
deep red spectrum line. 

* From cae/tiv8, Latin for the blue colour of the shy, because of its two brilliant sky- 
blue spectrum lines. • 
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R, standing for any one of these three alkali metals. It also stands for the 
radicle base ammonium NH4, which has the singular property of replacing 
the alkali metals without change of the type of symmetry; and also 
for the metal thallium/ which was discovered by Sir William Crookes in 
the year 1861 . 

The last definition of isomorphism which we have direct from 
Mitscherlich was: “Substances possessing an analogous composition, 
which crystallise in the same form (or in similar forms), and which are 
capable of mixing in all proportions, are isomorphous.” Even this 
definition will be shown to be inadequate, for two of the most perfectly 
isomorphous substances, for instance, potassium and caesium sulphates 
K 2 SO 4 and CS 2 SO 4 , will not form mixed crystals, the reason for which is 
now thoroughly understood and will be gone into fully presently ; in 
passing it may be stated that this reason is too great a difference in the 
dimensions of the unit cells of the two similar space-lattice structures. 

Rigidly, employing the term in the strictest sense originally intended 
by Mitscherlich and with due regard to the derivation of the word, there 
is only one class of isomorphous crystalline substances, namely, those 
crystallising in the forms of the cubic system. For by reason of the very 
high degree of symmetry, the angles of all the forms of the cubic system 
are fixed by that symmetry ; even where the angles between the various 
faces are not 90°, 60°, 45°, or 30°, they are still of definitely fixed value, 
and their actual values, correct to a minute of arc, have been stated in 
Chapter X. in describing the forms of the cubic system. The isomorphous 
substances belonging to the other six systems of symmetry should, there- 
fore, strictly speaking, be termed “ homoeomorphous ” (similar-shaped) 
rather than isomorphous. The latter term has come into general use, 
however, and may be retained with advantage, provided its true meaning 
be thoroughly understood. It must be remembered also in connection with 
cubic substances that while it would be correct, for instance, to describe 

all the members of the large family of alums, R' R'"(^g^ 04^2 ■ l^HgO, as 

isomorphous, in the sense undoubtedly intended by Mitscherlich, in that 
they are of similar crystalline form and analogous chemical constitution, 
yet it would not be correct to describe the alums as isomorphous with 
iron pyrites, for instance, a substance of totally different chemical con- 
stitution FeSg, although it crystallises not only in the same system of 
symmetry, the cubic, as the alums, but also in the same class, 30, of that 
system, and the angles between the analogous faces of the alums and 
pyrites are absolutely identical. The two cases do not even fall in with 
the view of Mitscherlich — that isomorphism depends on a similar number 
of atoms being present in the molecules of the two compounds ; for 
while iron pyrites is a simple binary compound, with only three atoms in 
the molecule, the alums are complicated substances composed of a large 
number of atoms, no less than 48 even when the simpler half-formula 
is employed rather than the constitutional formula exhibiting their 

^ So named by Sir William Orookos from ^aXX6s, “ a green twig or bud,” by 
reason of its bright green spectrum line. ' 
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derivation as double sulphates and selenates with water of crystallisation, 

It will be obvious from the above that a very large modicum of common 
sense requires to be used in the classification of substances as isomorphous, 
and that each case requires careful consideration. The broad principles, 
however, which have been of such value in enabling the decisions to be 
made between rival atomic weights for any one and Ihe same chemical 
element, are tolerably clear, and they are generally stated more or less 
in the following form, to which it will be shown in the next section but 
one (page 1228) that certain reservations, amendments, and limitations 
must be applied in order that the truth may be accurately represented. 
The statement is taken, as a current representative one, from the Theor- 
etical Chemistry of Nernst (Macmillan & Co., English translation of 7th 
German edition) : 

“ 1. The term isomorphism primarily denotes identity of crystal form, 
which must be shown by complete coincidence of the properti('s of sym- 
metry, and approximate coincidence of geometrical constants. 

“ 2. The property of forming mixed crystals in any selected propor- 
tion, at least within certain limits. 

“ 3. The property of mutual overgrowth, i.e. a crystal of one substance 
(as a nucleus) increases in size in a solution of the other substance.” 

To these three characteristics a fourth has been added by Ostwald,' 
namely, the ability to remove the supersaturation of a solution, and so to 
act as a nucleus for its crystallisation. 

These current ideas concerning isomorphism will be critically con- 
sidered in the next section but one, their limitations established, and the 
results of the author’s own researches utilised to establi.sh the true meaning 
which should be attached to the term i.somorphism, on the lines which 
have already been briefly laid down on pages 383 and 384. 

Historic Instances of the Use of the Principle of Isomorphism to 
Chemists. — Besides the fixation by Berzelius of the atomic weights of the 
long list of elements given on page 1223, which occurred at once, automatic- 
ally and absolutely without ambiguity, there are three most interesting 
other cases, which merit further notice as being historically noteworthy 
and particularly illustrative of the use of the principle, namely, those of 
gallium, columbium (niobium), and vanadium. 

Gallium was discovered by Lecoq de Boisbaudran in the year 1875 
in the zincblende of the Pyrenees. Its position as a member of the 
aluminium group of metals. Group III. and series 5 of the periodic table, 
with atomic weight 69*9, was only after long discussion eventually decided 
by the fact that its sulphate combines with ammonium sulphate to form 
a double sulphate isomorphous with the alums. As the constitution of 
the latter was known to be K2'S04 . R2'"(S04)3 • 24H2O it was clear 
that gallium sulphate must be Ga2(S04)3, and that gallium is a triadic 
element capable of replacing aluminium in alum. The R2”' was found 
in atomic weight determinations with gallipm alum to have the value 
• 1 Zeitschr.f. phys Chem., 1897 22, 330 . 
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139*8, and the atomic weight was thus 69*9. That this conclusion was 
correct was subsequently most satisfactorily confirmed by the carry- 
ing out of successful vapour density determinations with gallium 
chloride, and by determinations of the specific heat of pure metallic 
gallium. 

The case of columbium, for long called niobium, is even more 
interesting. This metal belongs to the vanadium-tantaluft Group V,, in 
which it is the fiUi-series member, with atomic weight 93*5. It was 
discovered by Hatchett in the year 1801 in a mineral from Massachusetts, 
and was named by him columbium. In 1 802 Ekeberg discovered tantalum 
in the yttrium minerals of Sweden. In 1809 Wollaston endeavoured to 
show that the two new elements were identical. Berzelius, however, 
a few years later proved the separate identity of tantalum. In 1839 
Wohler found that the Bavarian tantalites certainly contain some peculiar 
ingredient distinct from tantalum, and Rose shortly afterwards isolated 
the oxide of a metal in columbite from Bodenmais, and called the metal 
niobium. In 1846 Rose thought he had found another new element in 
these minerals, and called the acid derived from it hyponiobic acid. In 
1865 Blomstrand showed that the chloride of this latter new element 
contained oxygen, and in fact was an oxychloride. Simultaneously 
Marignac proved that the double salts which hyponiobic fluoride forms 
with metallic fluorides are isomorphous with similar double salts contain- 
ing stannic fluoride SnF 4 , titanium fluoride TiF 4 , and tungsten oxyfluoride 
WOjFj. As the sum of the atoms is 5 in each of these compounds, and 
as hyponiobic fluoride was found on analysis to contain 3 atoms of fluorine, 
Marignac concluded that SnF and TiF of the fluorides of tin and titanium 
could be replaced by NbO, that hyponiobic fluoride must bo an oxy- 
fluoride })Ossessing the conif>osition NbOF 3 , and that hyponiobium was 
really the group NbO. On this assumption he found that 48*1 parts of 
titanium (its atomic weight) were equivalent to 93*5 of the metal in 
the oxy-group, which he considered was niobium, the same element as 
was originally called columbium. To complete the proof he also subse- 
quently discovered that the pentoxides of niobium and tantalum occur 
together in isomorphous mixture in several minerals, that the two double 
fluorides of potassium and tantalum and of potassium and niobium, 
namely, KaTaF, and K 2 NbF 7 , are readily obtained in similar forms and 
are isomorphous, and that NbO, SnF, and TiF appear to be crystallo- 
graphically equivalent in various compounds. From the analyses of 
some of these latter compounds 119*0, 48*1, and '93*5 were found to be 
equivalent weights for tin, titanium, and niobium, the last of the three 
numbers, representing the true atomic weight of niobium. Similarly, 
he concluded from analyses of the double fluorides that the atomic weights 
of tantalum and niobium were 181 and 93*5. Subsequently, but only 
after the position had been thus correctly determined by Marignac 
practically entirely from the principle of isomorphism, full confirmation 
was obtained by the determination, by Deville and Troost, of the densities 
of the gaseous chloride and oxychloride of niobium, NbCl 5 and NbOCl 3 . 
It was also fully substantiated that this niobium was ilentical with the 
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columbium of Hatchett. Hence, the metal should undoubtedly be called 
columbium, the name given to it by its discoverer. 

Vanadium presents a somewhat similar very interesting case, which 
was unravelled with great ability by Roscoe. This element — of atomic 
weight 51 -2, the next after phosphorus in Group V., but number 4 of the 
even series 4, 6, 10 formed by vanadium, columbium, and tantalum— was 
discovered in the year 1 801 by Del Rio, in a Mexican lead ore, and named 
by him erythronium, from the property of its salts of Upcoming red when 
heated with acids. In 1805 Collet-Descotils pronounced the. substance 
to be no new element but only impure chromium oxide. In 1830, however, 
Sefstrom described a new metal which he had extracted from the ore of 
Taberg, and named it vanadium, from Vanadis, anotlier name for the 
Scandinavian goddess Freia. Wohler, however, in the same year showed 
that Del Rio had been correct, and that the Mexican lead ore was vanadate 
of lead. Sefstrom then handed his material over to Berzelius, who in 
1831 gave the results of a detailed investigation, including the description 
of a considerable number of vanadium compounds ; he classed the metal 
with chromium and molybdenum. In 1867, however, Roscoe showed 
that this was an error, and that the substance considered by Berzelius 
to be vanadium was either the oxide, V2O2, or the nitride, VN, according 
to the mode of preparation. The brilliant metallic-looking scales which 
Berzelius obtained by heating the oxytrichloride, which he thought was 
the trichloride, in ammonia gas were found by Roscoe to be not metal 
but nitride, metallic vanadium possessing the uncommon property of 
combining readily with nitrogen directly. It was only by reducing the 
dichloride in hydrogen gas that pure metallic vanadium could be ])rej)ared ; 
for the metal also combines directly with oxygen at a red heat to form 
V2O2. Moreover, instead of belonging to the chromium group, Roscoe 
showed that vanadium is a member of the nitrogen-phosphorus Group V., 
and that, for instance, the important mineral vanadinite is isomorphons 
with apatite Ca5(P04)3Cl, and has a similar composition Pb^fV 04)34!, the 
lead replacing the calcium and the vanadium the phosphorus of a})atite. 
Vanadium is, in fact, the preceding, even series-member of Grouj) V. to 
columbium, and, like the latter, in combination with oxygen forms a 
group vanadyl VO, which replaces the CbO in the compounds referred to 
in the consideration of the case of columbium (the formula being given on 
page 1226 as NbO instead of CbO, as at that time the name niobium was 
current). Thus the recognition of these cases of isomorphism of vanadium 
compounds, with those of phosphorus and columbium, led Roscoe to a 
correct determination of the atomic weight of vanadium, to the isolation 
of the real element, and to the correct placing of the clemen^t in the 
chemical series. Indeed, it was the obvious isomorphism of vanadinite 
with apatite that first attracted Roscoe to the subject, and led him to 
reinvestigate the vanadium compounds. 

The important results in pure chemistry thus achieved by use of 
the crystallographic principle of isomorphism afford ample evidence of 
the value of the principle, when applied with discretion and a due sense 
of the possible p^ifalls. For even Berzelius made great mistakes, as in 
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the case of vanadium. When adequate erystallographic data are avail- 
able, including the all essential correct diagnosis of symmetry, the 
principle affords one of the most valuable of all the aids known in 
choosing the correct atomic weight, from among the two or three possible 
alternatives which purely chemical data alone often furnish. The ground 
is only really sure when the substances supposed to be isomorphous are 
not only composed of the same number of atoms, bui^when also the 
interchangeable elements belong to the same family group of what we 
now know, thanks to the great later generalisation of Newlands and 
Mendeleeff, as the periodic classification of the elements (the tabular 
presentment of which is given on page 768). 

We may now proceed to consider the true limits of the law of isomor- 
phism. Incidentally it will also be shown that the determination of these 
limits decides simultaneously the question of the constancy, fixity, and 
uniqueness of the crystal angles of any one and the same substance (not 
belonging to the cubic system), and of its distinction from every other 
substance by this characteristic property. For, if the law of Mitscherlich 
held in the extreme form in which he announced it, that of the absolute 
identity of form of isomorphous substances, it must be obvious that 
two and often many more substances could have identically the same 
form (with identical crystal angles), contrary to the law of Haiiy. 

The True Meaning and Limitation o! Isomorphism.— It lias already 
been shown, in the first five pages (380-384) of Chapter XXIV., what 
are the exact conditions in two typical series of salts other than cubic, 
which by common consent are isomorphous in the strictest sense in which 
the term is now admitted to be applicable, namely, series in which the 
interchangeable elements are members of the same family of chemical 
elements, of the same group and kind of series, odd or even, of the periodic 
classification. These two series were particularly suitable for such a 
study, as likely to exhibit any angular differences at a maximum ; for 
the alkali group of metals are the most electro-positive and chemically 
vigorous, as bases, of all the groups of elements, and their atomic weights 
and atomic numbers differ considerably and very regularly, the former 
constant by 46 or 47 units each time (between K and Kb, and the latter 
and Cs), and the latter constant by 18 integers (see footnote on page 1236). 
Moreover, the symmetry is moderately low in one case (rhombic) and very 
low (monoclinic) in the other. The two series in question are the rhombic 

g 

alkali normal sulphates and selenates, R2' 1^^® monoclinic double 

sulphates and selenates of the series R2'M"^g^04^2 • 6^2^* t)oth of 

which series R' represents potassium, rubidium, or caesium, the monovalent 
alkali metals above referred to, of Group I., and the even series 4, 6, and 
8 of that group. As will be dealt with more fully later, the R may also 
represent either the base ammonium NH4 or the metal thallium in its 
thallous capacity. A typical set of crystals of the simple rhombic sulphates 
is shown in Fig. 862a, and a similar set of typical crystals of the analogous 
selenates (except ammonium selenate, which is dimorphnus and ordinarily 
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crystallises in its second, mouoclinic, form) in Fig. 8621#. Three character- 
iatio salts of the monoclinic double sulphate series with six molecules of 
water are also shown in Fig. 862c, the particular salts chosen being 







TUSO,. 

/lO. 862a.— The Sulphates of the Alkalies. 


potassium sine, rubidium sine, and csssium zinc sulphates. An analogous 
set of the three corresponding double selenates is likewise given in Fig. 
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In the rhombic series it was shown that the maximum angular difference 
was only 56 minutes (in the case of one angle, between potassium and 
ceesium selenates), or 1° 21' if the thallium and ammonium salts be 
included (between potassium and thallium selenates), while in the less 
symmetric monoclinic series the maximum met with was 2° 28' (which 
occurs between potassium copper and caesium coj)per selenates in the 
case of one an^le) The angular differences increase as the symmetry 
diminishes, the maximum for the monoclinic series being more than twice 
as great as that for the rhombic series. The largest of the average angular 
differences between any pair of analogous potassium and cajsium salts, 
that is, the average (mean) value of the differences between the values 
for analogous angles on tliese two extreme salts, for all the angles of the 
two substances compared (the number of quite different angles being 37 
in the rhombic series and 36 in the monoclinic series), arc 17' for the 
rhombic series (between potassium and c.Tsium selenates), or 28' if the 
ammonium and thallium salts be included (between potassium and 
thallium selenate) ; and 65' for the monoclinic series (between KFe and 
CsFe sulphates), even including the ammonium and thallium salts. In 
the hexagonal, tetragonal, and trigonal systems the differeiu'es are 
smaller still, and (as will presently be shown for a hexagonal series 
investigated by Jaeger) approach the possible limits of (‘rror of measure- 
ment, and except with the most perfect crystals, grown free from any 
disturbance, are often within the errors of malformation, even of crystals 
which to all appearance are quite well formed. Eventually, in the 
cubic system of perfect symmetry, the real differences become zero, while, 
of course, the casual errors of malformation are still ])re8ent except 
in the cases of the most perfect crystals, for which latter the analogous 
angles are alike to within one minute of arc. 

The author has shown, however, that the potassium, rubidium, and 
cajsium salts of the two series above referred to 
form an inner circle of isomorphous substances, 
within which the angular differences are not 
irregular inside the limits mentioned, but exhibit 
a regular progression with the atomic weight and 
atomic number of the alkali metal present ; and 
that this progression is not merely confined to the 
differences between the external interfacial angles, 
but extends to the dimensions and volumes of the 
space-lattice cells, and to the optical and thermal 
properties. The phenomenon may be diagram- pia.ges.— ProKrmionoftho 
matically illustrated by Fig. 863 (in a very exag- 
gerated manner, as the real change is so small as to 
be inappreciable on the scale drawn), which represents analogous sections 
through the crystals of the analogous sulphates or selenates of potassium, 
rubidium, and csesium. The inner crystal outline is that of the potassium 
salt the outer one that of the corresponding csesium salt, and the inter- 
mediate outline that of the rubidium salt. The vertical lines are the inter- 
sections of the two brachypinakoid faces 6»={010} with a vertical plane 
paraUel to the mAcropinakoid a = {100} in each case ; the horizontal lines 
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are the intersections of the two faces of the basal plane c = {001 [ with the 
same vertical plane ; and the oblique lines are the traces of the four 
domal faces g- = {Oil}. The diagram shows clearly (purposely exaggerated 
as stated) the progressive inclination of the last-mentioned domal faces 
with respect to the brachypinakoid and the basal plane as potassium is 
replaced by rubidium and the latter in turn by ccesium. Moreover, 
similar differences occur when the sulphur is replaced by selenium, these 
two elements also belonging to one and the same Group VI. and odd series 
3 and 5 of that group of negative elements. 

In these very clear cases of definite chemical relationship the morpho- 
logical and physical effect of replacing one element by another of the 
same group and type of series is thus found to be a function of the atomic 
weight and the atomic number ; with regard to some properties it is a 
direct proportion, but usually it is an accelerating function. Such series, 
in a review of the author’s work ^ by Linck, have been termed “ eutropic,” 
from €VTpo 7 Trj, meaning “a regularly progressive change,” a term 
which is convenient and expressive and which the author has, therefore, 
adopted. Besides this inner circle of eutropic potassium, rubidium, and 
caesium salts, however, the two series investigated by the author include 
salts of ammonium and thallium (the base-group NH^ and the metal 
thallium in its thallous capacity being capable of replacing the alkali 
metals as the H' base), which are truly isomorphous but not eutropic, and 
the exact relationship of which will be dealt with presently. On all these 
grounds the author, as already foreshadowed on page 384, has been led 
to the following definition of isomorphism : 

An Isomorphous Series is one the members of which bear some 
definite chemical analogy and crystallise according to the same system of 
symmetry and in the same class of that system, and develop the same forms, 
the faces of which are inclined at angles which only differ by a very few 
degrees, rarely reaching 21°,^ the magnitude of the difference being inversely 
proportional to the degree of symmetry. The most perfect type of iso- 
morphism, to which the term “ eutropism ” is applied, is displayed when the 
series is one in which the interchangeable chemical elements all belong to 
the same family group and type (odd or even) of series of the periodic 
classification: in such eutropic series the small interfacial angular 
differences, the dimensions of the space-lattice cells, and the optical and 
thermal constants, obey the law of progression according to the atomic 
weight or atomic number of the elements interchanged, the properties of 
the crystals being thus functions of the atomic number. 

A comparative table of the interfacial angles of the rhombic normal 
sulphateg and selenates of the alkalies has already been given on page 
382, and a similar table will now be given for a typical group (set contain- 
ing the same M' '-metal) of the series of double sulphates and selenates, 
that containing zinc as the M"-metal. 


1 G. Linck, Zeitschr. fiir phys, Chem., 1896, 19, 197. The derivation given above 
is quoted from Linck’s memoir. Doubtless a better derivation would be from 

6<JTooiroj, “ readily changing.” , , • no no/ u x 

• The maximum angular difference observed by the author is 2 28 , between 
two salts (KCu and CsCu selenates) of the monoclinic series po^ssing six molecules 


of water of crystallisation. 
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A very useful analysis of these tables is next given. It shows the 
average change and the maximum change of angle which is evoked when 
the potassium in the potassium salt, the first member of the group, is 
replaced by each of the other interchangeable bases. That is, the 
differences for all the 37 (of the rhombic crystals) or 36 (of the monoclinic 
crystals) angles compared have been tabulated and their averages (mean 
values) taken, for each replacement, and the largest oJ)8erved angular 
difference for each replacement has at the same time been recorded as 
the maximum change of angle for that interchange. 


Average and Maximum Angular Changes. 

I. Rhombic Series of Alkali Sulphates and Selenatrs. 


For replacement of 


Average 'Maximum 
I Change, j (Change. 


Rb 

0" 

9' 

1 0“ 

26 

Cs 

0 

17 

1 0 

50 

NR. 

0 

14 

1 

:i8 

T1 j 

0 

27 

; 1 

16 


l.'orr«l.lac(,.no„tof Avmee ftllmum 


K in K2S0O4 by Rb 0° IT j 0“ 36' 

„ Cs 0 17 I 0 56 

„ „ NH4* not comparable 

„ „ T1 0 28 I 1 21 


* Ammonium selonate iu dimorphouH, the common form being monoclinic. 


II. Monoclinic Series of Double Sulphates and Selenates, Zinc Croup {as example) 


Kor ropliiconiciit of 

Average. 

Maxinnnn, 

K in K 2 Zn{ 804 ).s . OHjO by Rb 

O'' 26' 

r .5' 

». »> ^ 's 

0 56 

2 19 

M „ NH4 

0 .51) 

2 4 

„ Tl 

0 :i5 

1 28 

K in K 2 Zn(Se 04 ) 2 ’ (»Hj,0 by Rb 

0 27 

1 4 

>» .» 

0 52 

2 11 

» M NH4 

0 49 

2 2 

„ „ Tl 

0 41 

I 42 


The changes for the other groups of the double salts are very similar. 
The full tables would be too long to quote here in full, but they are given 
in the original memoirs. A concise tabular summary of the results is, 
however, given in Table III. The zinc group is also included so that at 
the foot of the table the mean of the averages,- and the mean of the 
maxima, for similar interchanges throughout the whole series can be given. 

Only two of the thallium salts, those of the zinc group TlZn sulphate 
and TlZn selenate, have yet been obtained in sufficiently perfect crystals 
for accurate investigation. Also the manganese and cadmium groups 
are not included in the table, because the potassium* salts of these groups 
have not been obtained at all, although the rubidium salts and especially 
the caesium salts of these groups form excellent crystals ; there appears 
to be a critical limit of existence, not improbably about or below the 
temperature limit of the fifeezing-point 0° of water, to the life-range of 
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III. Summary of Average and Maximum Angular Changes for Monoclinic Double Salts. 



Average Change for Re- I 

Maximum Change for Replace- 


placement of K by i 


ment of K by 


Group. 

Rb. 

C8. 

NH,. 

Tl. 

Rb 

Ca. 

NH,. 

Tl. 

1 

Mg Sulphate 

29' 

58' 

50' 


71' 

141' 

•138' 

88' 

Zn 

26 

60 

50 

35' 

65 

139 

124 

Pe 

32 

05 

02 


72 

145 

138 


Ni 

27 

54 

49 


03 

122 

117 


Co „ 

27 

50 

52 


00 

137 

127 


Cu „ 

22 

47 

39 


63 

115 

101 


Mg Selenate 

23 

52 

53 


60 

128 ' 

129 


Zn „ 

27 

62 

49 

41 

64 

131 

122 

102 

Fe „ 

27 

55 

54 


09 

139 

139 


Ni 

23 

47 

45 


57 

119 

110 


Co 

25 

53 

49 


04 

130 

126 


Cu 

33 

01 

47 

i 

79 

148 

125 


Moan values 

27' 

55' 

50' 

38' 

05' 

133' 

125' 

95' 


temperature or to the possible structural {limeiisions of tlie cells of the 
space-lattices of these salts, below which these jwtassium salts probably 
fall, thus excluding the possibility of their preparation. Another of the 
potassium salts, potassium iron selenate, is very difficult to prepare, and 
when obtained rapidly deteriorates and becomes opaque, owing to its 
temperature limit being not higher than 2" 0. At the other extreme, the 
caesium salts are remarkably stable and readily ))repared, and invariably 
form clear, transparent crystals which, if desired, can be grown to a 
considerable size. The temperature limit of possible existence is thus 
relatively very high, approaching the boiling-point of water in the case 
of the cJBsium salts. There is considerable evidence that the rubidium 
salts occupy an intermediate position in this respect of temperature 
limit and stability. 

The following striking facts are shown by these tables : 

(1) The average change of interfacial angle for any group, and also 
the mean average over all the groups, is just double as much for the 
replacement of potassium by csesium as it is for the replacement of ^tas- 
sium by rubidium, corresponding exactly to the doubling of the atomic 
weight and atomic number.^ 

1 That this is so will be clear from the following table : 

Table sHOwmo the Atomic Weights (H = l) and Atomic Numbers 



• K. Rb K. 

Rb. 

C8 Rb. Cs. 

Ca-K. 

Atomic Weights 

.38-85 46 

84-9 

47 131-9 

93 = 2x46-6 

Atomic Numbers 

1 

19 18 

37 

18, 65 

36=2x18 
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(2) The maxiinaiu change of angle in any group, and also the maximum 
observed for the whole series of groups, is for the caesium replacement of 
potassium also double that for the rubidium replacement of potassium, 
the maxima, like the average changes, thus following the law of progression 
with atomic weight or atomic number of the interchanged metals, the 
characteristic of eutropic isomorphism. 

(3) The average and maximum changes of angle for any replacement 
of potassium by ammonium are nearly the same as, usually very slightly 
less than, when csesium is introduced for potassium. For the replacement 
of potassium by the very heavy metal thallium (atomic weight 204) the 
changes are intermediate between those for the cjesium and rubidium 
replacements of potassium. Thus the law of progression does not apply to 
the cases of the ammonium and thallium salts, which are not membersof the 
inner eutropic series, but the angular changes brought about by the replace- 
ment of potassium by these two bases are within the limits observed in the 
eutropic series, so that the ammonium and thallium salts are undoubtedly 
truly isomorphous although not eutropic with the alkali metallic salts. 

The non-eutropic isomorphism of the ammonium salts is also shown 
by slight differences in the cleavage, as compared with the three alkali 
metallic salts. For instance, in the simple rhombic sulphates one (that 
parallel fc{010}) of the two cleavages (parallel h[0\0\ and c{001[) common 
to the alkali metallic salts is suppressed in ammonium sulphate. And in 
the double salt monoclinic series, besides the excellent cleavage parallel 
r'{201} which is common throughout the whole series, five of the ammo- 
nium salts show an additional cleavage parallel to the symmetry plane 
6{010j . The difference between the single atom of an alkali metal and 
the radicle group is doubtless making itself felt in these facts. 

Conclusions (1), (2), and (3) above are equally true both of the simple 
rhombic salts and the monoclinic double salts. They are more clearly 
shown by the latter as the differences are so much larger. As regards 
the monoclinic series it should be stated that the change in the most 
important angle of all, the axial angle between the ortho- and basal 
pinakoids (100) and (001), is directly proportional to the change in atomic 
weight or atomic number of the alkali metallic elements interchanged. 
The change is just over one degree for the replacement of potassium by 
rubidium, and exactly double this, just over two degrees, for the replace- 
ment of potassium by caesium. Thus in the cobalt sulphate group the 
two changes are respectively 1° 6' and 2° 13' ; and in the iron selenate 
group they are 1® 7' and 2® 12'. 

It is probable that these crystal-angular differences shown by potas- 
sium, rijbidium, and caesium salts of the monoclinic series are the largest 
that are ever likely to be met with in eutropic series. For the system is 
next to the lowest in symmetry, and the three R' metals which by their 
interchange form the series are, as already stated, thd most electro-positive 
of all the elements, caesium exhibiting this property at its maximum ; 
they are likely, therefore, to exert the most powerful influence on the 
crystalline characters, and indeed their predominating influence in this 
respect is markedly shown in comparison with the, very small effect 
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produced by the interchange *01 the M'^-metals. Moreover, potassium, 
rubidium, and caesium are at the maxima of the curve of atomic diameter. 
Fig. 584a •on page 712 ; whereas the M"-metal.s are near the minima. 

This general law of progression within the eutropic series, and formal 
proof of isomorphism, but not eutroi)ism, within the eutropic limits in 
the cases of the non-eutropic members of the 8orie.s, applies not only to 
the external morphological ^ angles, but also to the topic axial ratios (the 
dimensions of the space-lattice cells, the spatial exj)re88idn of the molecular 
volume in the proportions of the crystal-axial ratios), to the optical 
property of refractive index and its molecular expression in molecular 
refraction, to many other details of the optical j)ro|)erties such as amount 
of double refraction, and to the thermal expansion in all the cases which 
have been thermally investigated. 

The molecular volumes and topic axial ratios of the rhombic alkali 
sulphates and selenates have already been given on page 641, on the 
assumption of a pseudo-hexagonal structure, and they will also be found 
on page 703 of Chapter XXXIII. calculated for a rectangular rhombic 
space-lattice. The values for these constants for one of the grou})s of 
the monoclinic double salt series are given in the next table, the nickel 
group chosen being quite an average example. 


Molecular Volumk.s and Topic Axial Ratios of Ni Okoup 



Molecular 

Volume. 

Topic axial ratios. 

X. : 1 /'. : w 

KNi sulphate 

193-99 

6-0170 

8-1542 

4-0934 

Kb 

203-43 

6-1065 

8-3081 

4-1723 

Cs „ 

215-90 

6-2097 

8-5410 

4-2672 

m, „ 

203-91 

6-1426 

8-3312 

4- 1666 

KNi selenato 

200-14 

6-1677 

8-2598 

4-1786 

Kb 

210-96 

6-2533 

8-4501 

4-2542 

Cs M 

229-17 

6-3317 

8-6878 

4-3378 

NH4 „ 

216-53 

6-2520 

8-4543 

4-2678 


Both from the simj)le rhombic series of salts and from the monoclinic 
double salts the following identical conclusions are to be drawn : — 

(1) The molecular volume and topic axial ratios for the rubidium salt 
of any group are intermediate in value between the corres[)onding constants 
of the potassium and caesium salts of that group, thus showing a progres- 
sion with atomic weight and atomic number. 

(2) The values of the molecular volume and topic a^ ratios for 
analogous ammonium and rubidium salts are almost identical, indicating 
that the space-lattice cells of the two salts are of almost equal volume 
and identical dimenaons in space (len^h of sides). 

These conclusions will be shown in Chapter XXX II I. on the X-ray 

1 The strict sense of the word morphology w to be here understood, as derived from 
“form,” and \6yos, “word or discourse”^ that is, the science of form, 
and, in this case, as jjpplied to crystals. 
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analysis of crystals to be fully confirmed the results of X-ray spectro- 
metric measurements of the rhombic sulphates, the absolute volumes 
and edge dimensions of the cells of ammonium and rubidiuim sulphates 
being found to be practically identical, precisely as indicated by the 
molecular volumes and topic axial ratios. The bearing of this conclusion 
( 2 ) on the valency volume theory of Barlow and Pope has already been 
referred to on page 736, and will be found discussed more (;ally in Chapter 
XXXIII. It will 'suffice to say here that it conclusively negatives that 
theory. For the volume of the unit cell of (NH 4 ) 2 S 04 should be at least 
double that of 1162804 . if that theory were correct, as the sums of the 
fundamental valencies present in the two salts are respectively 24 (made up 
of 2 X 3 for N + 8 X 1 for H -t- 2 for 8 + 4 X 2 for 0) and 12 (made up of 2 x 1 
for Rb - 1 - 2 for 8 + 4 X 2 for 0), even considering nitrogen as only triadic. 

As two representative optical properties we may consider (1) the 
most important specific property, the mean refractive index (mean of 
a, y for sodium light) of the crystals of the rhombic simple salts, and 
of a typical group of the monoclinic double salts, and ( 2 ) a molecular 
optical property, the very important molecular refraction. These are 
presented in the following three tables : 


Mean Refractive Indices. 


V3(a + /J + 7)*j». 


KoSO* . . 
RbjSO* . . 

1-4962 

1-6136 

C 8 aS 04 . . 

1-5636 

(NH 4 ) 2 S 04 . 

1-5266 

T 12 S 04 . , 

1-8708 

KZn sulphate 

1-4869 

RbZn „ 

1-4897 

CsZn „ 

1-5064 

NH4Zn 

1-4937 

TlZn 

1-6064 


KjSeO* . . 1-6396 
RbjSeOi . . 1-6646 
CS 2 S 0 O 4 . . 1-6997 
(NH4)2Se()4 . 1-6694 
TljSeOi . . 1-9676 

KZn selenate 1-6212 
RbZn „ 1-6238 

CsZn „ 1-6307 

NH^Zn „ 16308 


H — 1 

Moi.eoular Refraction, M, for Ray C. 








Axis a. 

Axis h. 

Axis c. 

Mean, l/3(a+/3+-y). 

K 2 SO 4 . . 

32-01 

31-94 

32-18 

32-04 

Rb,S 04 . . 
,C 8 aS 04 . . 

37-61 

37-62 

37-63 

37-66 

47-71 

47-66 

47-17 

47-48 

(NH4)2S04 . 

39-29 

38.66 

38-40 

38-76 

TlaS 04 . . 

64-74 

63-47 

62-96 

63-72 

K,Se 04 . . 
RbjSe 04 . . . 

38-46 

38-19 

38-86 

' 38-50 

44-00 

43-82 

44-36 

44-06 

C 8 j|Se 04 . . 

(NH 4 ),Se 04 . 
TljSe 04 ‘ • 

64-41 

64-28 1 
46-22 

64-37 

64-36 

46-92 

76-’63 

« 

74-47 

76-23 

76-11 
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Molecular Rejtractiok, ” , ^ M, fob Ray C. 

a 




— 

■ 

y- 

Moan, r.3 (a -l /J -l-y). 

KZn sulphate . 

9.3-21 

94.3.3 

90-94 

94-83 

RbZn „ 

98-91 

99-91 

101-78 

UK)- 20 

CsZn *„ 

108-94 

109 61 

110-47 

109 04 

NH^Zn „ 

100-34 

101-21 

102-61 

101-35 

TlZn 

121-63 

124-82 

120-33 

124-23 

KZn sclenate . 

100-32 

107-56 

110 71 

108-19 

RbZn „ 

112-10 

113-39 ' 

11.6-70 

113-73 

CsZn 

! 122-19 

123-02 

124-16 

12.3-12 

NH,Zn „ 

1 113-36 

114-03 

110-40 

114-81 

1 


These tables are very briefly summarised in the statement that : 

The refractive index and molecular refraction of any rubidium salt of 
either series are intermediate between the corresponding values for the 
analogous potassium and csesium salts, ami nearer to the former than to 
the latter, in accordance with an accelerating progression according to 
the atomic weight or atomic number of the interchangeable elements. 
The values for the ammonium salt are always slightly higher than, but 
usually very close to, those for the analogous rubidium salt. The optical 
properties of the thallium salts stand out high above those for the rest 
of the salts of either .series, the thallium salts being thus distinguished by 
transcendent refractive power, doubtless due to the much higher atomic 
number of thallium (HI), which means greater ma.ss (larger nucleus) and 
complexity (more cycles or shells of electrons) of ds atonis, whicli tlius 
offer much greater resistance to light vibrations. 

As regards the optical properties, the salts of the three strictiv conipar- 
able alkali metals, pota.ssiuni, rubidium, and cjesiuni, thus exhibit the same 
law of progre.ssion as obtains with regard to the morphological properties, 
and the progression extends to every detail, even the minutest, of these 
optical properties. Two examples of this wonderful detail in the progres- 
sion are worthy of special mention, and are illustrated at (a) and (h) 
in Fig. 864, The first example concerns the double refraction of any 
group of either the simple rhombic .salts or the monoclinic double salts. 
The drawing at {a) in Fig. 864 represents graphically the regular diminution 
of double refraction (the difference between the two extreme indices of 
refraction a and y) which accompanies increase of the atomic weight 
and atomic number of the alkali metal present. It exhibits the closing 
up of the two spectra afforded in succession by each of three analogously 
orientated 60°-prism8, one ground out of each of the three (K, Rb, and Cs) 
salts for use in determining two (in this case a and y) of the three refractive 
indices a, /5. and y df that salt. Each prism was ground accurately with 
the correct orientation to afford two spectra, corresponding to the two 
desired refractive indices, and consequently two images of the signal-slit 
of the collimator were produced when monochromatic light was being 
used, as when actually determining the refractive indices. The figure 
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shows the relative positions of the four Images of the Websky slit in 
red C-hydrogen light (marked K) and in greenish-blue F-hydrogen light 
(marked B), a pair (R and B) from each spectrum, which serve to locate 
the ends of the two spectra corresponding to the two indices of refraction 
in question. It will be observed that the two top spectra, those of the 
potassium salt, are well apart ; those in the second row, of the rubidium 
salt, are closer together, indicating a reduction in double refraction ; 
while the two lowest spectra, those of the caesium salt, are so close together 
that they actually overlap, indicating a still further reduction, the progress 
of the change being very clearly marked and obviously following the 
order of the atomic weights and atomic numbers of potassium, rubidium, 
and caesium. 



Relative Positions of the Two (b) 


Spectra afforded by 00°-Prisim Progressive Rotation of Optical Ellipsoid on 

of K, Rb, and Cs Salts, In- passing from a K Salt to a Jib Salt and 

dlcatlng Progressive Change of thence to a Cs Salt, in Monoclinic Double 

Double Refraction. Sulphates and Selenates. 

Fio. 804. — Two Examples of Progression of the Optical Properties. 

The second example (illustrated at {h) in Fig. 864) of the law of 
progression with atomic weight and sequence number is taken from the 
investigation of the monoclinic double salts, and refers to the rotation 
which occurs, with increase of the atomic weight and number of the 
alkali metal, of the optical ellipsoid about the single axis of symmetry, 
the axis of the indicatrix and h of the crystal. In the potassium salt 
the ellipsoid occupies the position indicated by the ellipse drawn in 
continuous line in the figure, the section of the ellipsoid by the symmetry 
plane 6 = {010}. The outline of the tabular crystal i'tself, parallel to the 
symmetry plane, is also given, as well as the axes a and c of the crystal 
and those of the ellipsoid lying in that plane. In the rubidium salt the 
ellipsoid, now represented by the dotted ellipse, has rotated somewhat 
over to the left, the numbed of degrees varpng slightl]^ for the different 
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groups (containing the same second metal) of the series of double salts. 
In the caesium salt, indicated by the ellipse drawn in broken lino, the 
ellipsoid has swung over considerably more, by a number of degrees 
which is always greater than for the former rotation, the optical change 
as regards position of the ellipsoid being an accelerating one with atomic 
weight or sequence number. 

Another of, the crystallographic properties, the “habit” of the 
crystals— that is, their common type of development--*-aIso shows a pro- 
gression, with the atomic number and weight of the alkali metal, in a 
very striking manner in the case of the monoclinic double sulphates and 
selenates crystallising with six molecules of water. It is illustrated in 
Fig. 865, which represents typical potassium, rubidium, and c.Tsiurn salts 
of the magnesium group of double selenates. 

The progression is best shown in the relative development of the basal 
pinakoid c[(X)l} and clino-domal prism ^JOll}, the former largely pre- 
dominating in the potassium salt and the latter invariably doing so in 
the cffisium salt, while in the rubidium salt the two forms are more or 
less equally develo])ed, the habit of this salt being very clearly of inter- 
mediate character. In the cases of the potassium and csesium salts the 


KMg Selcnatc. HbMg Selcuatc. (-'sMg Seleniitc. 

Fio. 865.— The Progression in Habit. 

difference is so emphatic that practically no crystal of the one is ever 
found exhibiting the characteri.stic habit of the other. When the habit 
of the potassium salt is prismatic, as it usually is, the prism is parallel 
to the vertical axis c ; the caesium salt is almost always prismatic, but 
the prism is parallel to the back-to-front inclined axis a. The rubidium 
salt of the group is generally of the type shown in the figure, intermediate 
in every sense between the two very different types displayed so 
characteristically by the potassium and caesium salts. Figs. 862c and 
862(Z, representing typical crystals of the zinc groups, further illustrate 
these facts. 

The author has also determined the thermal expansion of the sulphates 
of potassium, rubidium, and ciesium along the three directions of the 
rectangular crystallographic axes a, 6, c, and from these linear expansions 
the cubical expansion of each of the three sulphates has been calculated. 

The results were as under (for details see pages 1323-1329) : 

Cubical Coefficient of Thermal Expansion of Alkali Sulphates, a -^a + 2 hi . 

ForKjSO* .... 10-»(10475 + 13-9fiO 
Rb.S04 .... 10-*(10314 + 15-341) 

„^CSi,S04 .... 1(^(10170 + 16-200 
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Each of the two constants of the fonnula expressing the cubical 
expansion is thus seen to show clearly the progression according to atomic 
weight or atomic number. 

These researches of the author are specially collected together and 
reviewed in the monograph on Crystalline Structure and Chemical 
Constitution (Macmillan & Co., 1910). The additional researches on 
further groups of the monoclinic series, since describe4. to the Royal 
Society,^ confirm still more completely the conclusions arrived at in the 
monograph. The chief of these final conclusions are quoted and revised 
up to date below, under the headings (1) to (6). 

( 1 ) The crystals of the potassium, rubidium, and caesium salts of the 
rhombic series of isomorphous sulphates and selenates of the alkalies, 

g 

R>2e O4, and those also of the monoclinic series of double sulphates and 

/S \ 

selenates, R2M(^g^04j2 • 6H2O, whilst conforming to the same symmetry — 

that of their particular isomorphous series— and exhibiting the same facial 
forms inclined at angles which never differ by more than one or two degrees, 
exhibit progressive variations within these limits in their exterior geometrical 
configurations, interfacial angles, and crystallographic elements, in their 
internal structural properties and constants of which the external form is 
only the outward symbol, in their optical characters, and in their thermal 
behaviour; and these variations follow the order of progression of the 
atomic weights and atomic numbers of the three alkali metals belonging 
exclusively to the same family group of the periodic classification, potas- 
sium, rubidium, and caesium, which by their interchange give rise to the 
series. The variations are therefore functions of the atomic weight and 
atomic number of the alkali metal, and they have been shown to be 
usually functions which involve higher powers of the atomic weight or 
atomic number than the first. It ban been further shown that : Similar 
variations attend the replacement of sulphur by selenium in the acid radicle 
present in the salts. 

( 2 ) The whole of the morphological and physical properties of the 
crystals of such a eutropic-isomorphous series are thus functions of the 
atomic weights and atomic numbers of the interchangeable chemical 
elements, belonging exclusively to the same family group of the periodic 
classification, which give rise to the series. Or, in other words : 

The difference in the nature and complexity of the atoms of the chemical 
elements of the same family group which is manifested in their regularly 
varying atomic weights, and is intimately related to the atomic number, 

^ Roy.. 80c. Pror., 1913, 88, 361; 1917, 03, 68 and 72; 1918, 04, 362; 
1919, i66; 1920, 98,61; Phil. Trans. Roy, Soc., 1916, 216, 1; 1917, 217, 199; 
1919, 218, 395. Up to and including the 1920 R<yy. Soc. Proc. memoir, and also one 
in the Mineralog. Mag., 1912, 16, 169, describing the isoraorpjious double chromates 
belonging to the series (see page 1247), the results for 69 monoclinic double salts of the 
series with 6H,0 have been published, besides those for the 10 simple rhombic sul- 
phates and selenates. The six double selenates containing manganese and cadmium 
are now under investigation, thus making in all 76 salts studied, all of which have 
afforded excellent crystals eminently suitable for such a detailed examination and 
measurement. * 
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is also expressed in the similarly regular variation of the characters o! the 
crystals of a eutropic-isomorphous series of salts of which these elements 
are the interchangeable constituents. 

( 8 ) The radicle ammonium, NH 4 , is capable of isomorphously replacing 
the alkali metal in either the rhombic or monoclinic series, and the general 
position of the ammonium salt of any group in either series, with respect 
to the large maY)rity of the crystal properties, is quite close to the rubidium 
salt, just beyond it on the caesium side. In respect to the crystal angles, 
their variations from the potassium salts, either on the average or at the 
maximum, are slightly less than those between the potassium and caesium 
salts. The molecular volumes and topic axial ratios, and the absolute as 
well as these relative dimensions of the unit cells of the space-lattices of 
the crystals, of the rubidium and ammonium salts are almost identical, 
and thus adequately congruent for the crystals to grow together in over- 
growths and mixed crystals with the greatest ease. 

(4) The metal thallium is also capable of isomorphously replacing the 
alkali metal in either series, and the position of the thallium salt in the 
series is remarkably close to that of the corresponding ammonium salt in 
everything except one very striking difference, which at once sets the 
thallium salts apart from the whole of the other salts of both series, namely, 
transcendent refractive power, that is, exceptionally great resistance to 
the vibration of light waves. While Bering thus so markedly in their 
optical properties, the molecular volumes and molecular distance (topic 
axial) ratios of the thallium salts are almost identical virith those of the 
analogous rubidium salts, the thalliuin salts thus behaving in regard to 
the volumes and dimensions of the space-lattice elementary cells very 
similarly to the ammonium salts. 

( 6 ) The thallium and ammonium salts of the two series of rhombic 


G 

sulphates and selenates, R2« O4, and monoclinic double sulphates and 


selenates, R 2 MQ^ 04 j 2 • ^HgO, thus exhibit properties fully entitling them 


to their inclusion in these respective series of isomorphous salts, under- 
standing by the term “ isomorphous series,” a series the members of which 
bear a definite chemical analogy, crystallise with like symmetry, and 
develop forms the interfacial angles of which differ only by an amount 
which has not yet been observed to exceed degrees. 

The more exclusive “ eutropic series ” within each of these isomorphous 
series, that is to say, the series in which the members exhibit the progression 
of the whole of the crystal properties according to the atomic weight and 
atomic number of the interchangeable chemical elements, comprises solely 
the salts of the alkali metals potassium, rubidium, and csesium, which belong 
strictly to the same family group of the periodic classification, the thallium 
and ammonium salts being excluded by their essentially different chemical 
nature and their somewhat different crystallographic properties which 


follow therefrom. . ^ ^ , 

( 6 ) Specific chemical substitutions are a^mpi^ed by deflmtely 
orientated changes in the crystal structure, indicating that particular 
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chemical atoms occupy definitely localised positions in the chemical 
molecule^ and therefore, as the molecule or small group of molecules 
(four in the case of the rhombic series) is the structural unit of the space- 
lattice, in the crystallographic structural unit. 

This latter important fact is particularly well illustrated by the 
observation that the replacement of one alkali metal by another in the 
rhombic series of normal sulphates and selenates invariajply calls forth a 
predominating crystallographic change along the direction of the vertical 
axis c, whereas the substitution of selenium for sulphur brings about a 
preponderating equatorial change. This fact, that each atom entering into 
a crystalline structure produces a definite and constant crystallographic 
effect, is shown in Chapter XXXIII. on the X-ray analysis of crystals to be 
fully substantiated, the actual fixed and definite positions of the various 
atoms being revealed by the reflections of the X-rays from those atoms. 

We are now in a position to add a seventh main conclusion as follows : 

(7) As the above laws governing the inter-relations of members of 
isomorphous series allocate specific angles and crystal elements, space- 
lattice cells of definite dimensions, and definite optical and thermal 
properties, to each individual member of an isomorphous series, they finally 
confirm the generalisation of Hatiy, even in the cases of these very similar 
substances, that Every distinct crystallisable chemical substance [not of 
cubic symmetry] is endowed with a specific crystalline form peculiar and 
proper to itself.’’ 

These seven laws, together with the definition of isomorphism given 
on page 1232 , define in precise terms and explain the true meaning of 
Mitscherlich’s principle of isomorphism. They indicate the exact and 
limited sense in which it is correct, and to what extent the literal meaning 
of the word must be qualified ; and they terminate the long-drawn-out 
controversy between the disciples of Mitscherlich and those of Haiiy, 
which in his later period Mitscherlich himself deprecated. For they 
show that both are correct in the main, as regards their broad principles, 
and the exact details over which they were at cross purposes have now been 
definitely established with practically general consent. 

As regards the literal isomorphism of cubic substances as an automatic 
effect of the high symmetry, it should naturally be understood that only 
cubic substances obviously closely chemically related should be considered 
as isomorphous in the sense above accepted. For instance, the alums 
S /S \ 

are such a series, . 24H2O. Yet even here one 

has occasional doubts with regard to certain members, the sodium alum, 
for example. Sodium salts are not usually strictly comparable with 
those of potassium, rubidium, and ceesium, the sulphate of sodium, for 
instance, being altogether different in character to potassium sulphate, 
crystallising with ten molecules of water, Na2S04 . lOHgO, whereas K2SO4 
is anhydrous. Indeed, speaking generally, the sodium salts which 
crystallise in systems other than the cubic are not usually isomorphous 
with the analogous potassium salts, sodium belonging to an odd series 
( 3 ) of Group I. of the periodic table, whereas potassiiyn, rubidium, and 
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ciBsium are even-senes metals cf that group ( 4 , 6 , 8 ). Yet sodium does 
form 8 double sulphate with aluminium sulphate and its analogues, which 
crystallises like the other alums with 24HjO, in class 30 of the cubic system. 

In any case, it is only as regards the exterior angles of cubic substances 
that morphological identity occurs. It is shown in Chapter XXXIII 
(page 677) on the X-ray analysis of crystals that for the cubic group of 
the spmels, R %"' 04 , Nishikawa has found that the different members, 
while externally equi-angular like all cubic substances, possess diflFerent 
individual internal structural characters, the positions of the atoms of 
the interchangeable elements R"' varying slightly, to about the extent 
indeed that the external angles change in the systems of lower symmetry. 
Also, of course, the molecular volumes and topic axial ratios (the relative 
volumes and linear dimensions of the space-lattice cells), and it would 
appear from X-ray analysis also the absolute values of those cell volumes 
and dimensions, vary from member to member of the cubic isomorphous 
series, as do also the optical, thermal, and other physical properties. 

In confirmation of the author’s experience with the two extensive 
rhombic and monoclinic series, that the angular differences between 
niembers of an isomorphous series diminish as the symmetry ris(>s, the 
differences for the rhombic series being much smaller than for the mono- 
clinic series, some very interesting results for an extreme case have been 
obtained by F. M. Jaeger ^ with a hexagonal (class 25, bipyramidal, like 
apatite) series of salts, the ethyl - sulphates of the rare earths, 
R^'"(S 04 . € 2115 )^ . ISHgO, in which R'" is yttrium Yt, cerium Ce, 
lanthanum La, neodymium Nd, praseodymium Rr, samarium Sa, 
europium Eu, dysprosium Da, gadolinium Gd, erbium Er, neoytterbium 
Yb, or thulium Tm. The crystalline forms prove to be so very nearly 
rigorously identical that the angular differences fell within the limits 
of Jaeger’s experimental error; the axial ratio c/rt = 0*5062 i 0 ' 0012 . 
Besides the high degree of symmetry, and the very large restraining mass 
effect of the remainder of the complex molecule, another cause operates 
to render the angular difference of these salts small. For, contrariwise 
to what happens with K, Rb, and Cs, the most electro - positive and 
vigorous of the metallic elements and of widely differing atomic weight 
and atomic number, the rare earths differ very little, especially in their 
sub-groups, in atomic weight and atomic number, and are chiefly metals 
of the more central less active groups of the periodic system ; they are, 
indeed, so notoriously alike in properties that it has only been by pro- 
digious labour and extraordinary methods of fractiomiation that they 
have been separated. Moreover, it has been shown on page 774 that 
from cerium to the end of the rare earth elements (two whole periods) 
there are no electrons added to the outer shells of the atoms, the evolu- 
tion occurring by internal addition of electrons, without increasing the 
size of the atoms. • These four causes have thus combined to produce a 
series of isomorphous salts almost as completely identical in crystal angles 
as a cubic series, the angles of the individual members of the series 
differing by only a very few minutes, in many cases less than 5'. 

^ J^ecueil dea trav. chim, des Pays-Baa, 1914 , 343 . 
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That this hexagonal case of rare earrti compounds brought forward 
by Jaeger is exceptional, however, and quite an extreme case, is clear 
from two well-known cases of trigonal symmetry, the calcite group ^ of 
minerals and the red silver minerals. 

The principal angle, the rhombohedral angle rr, of the crystals of the 
calcite group varies from 72° 20' to 74° 55', as will be clear from the 
following table of the values of this angle, according to Miers [Mineralogy, 
p. 215), for the various members of the group : 

Values of Rhombohedral Angle in the Calcite Group. 


Calcite, CaCOg 74° 66' 

Magnesite, MgCOg 72 36 

Chalybite, FeCOg 73 0 

Calamine, ZnCOg . . . , . . 72 20 

Rhodochrosite, MnCOg 72 58 


The red silver ores, proustite, sulpharsenite of silver, AggAsSg, and 
pyrargyrite, the analogous sulphantimonite of silver, AggSbSg, were 
elaborately investigated by Miers ^ in the year 1887. These two minerals 
form exceptionally beautiful crystals (very sensitive to light) of trigonal 
symmetry, the hexagonal prism of the second order (101) being always 
a prominent form, terminated by a rich display of end-forms, among which 
the hemimorphic semi-forms of the primary and subsidiary rhombohedra 
scalenohedra, and various pyramidal forms occur. A typical crystal 
has already been illustrated in Fig. 380 on page 477, and a complete 
gnomonio projection is given in Fig. 381, page 478. The rhombohedral 
(primary) angle in the case of proustite is 72° 12', and that of pyrargyrite 
is 71° 22'. We have here a case of close (eutropic) isomorphism, for the 
interchangeable elements, arsenic and antimony, are members of the 
same family (the first member of which is phosphorus), Group V. of the 
periodic classification, and of the same type of series (odd, Nos. 5 and 7) 
in that group. The difference for this primary angle is thus less than a 
degree, namely 50', but is still considerable and readily measurable. The 
numerous other angles measured by Miers also show clearly measurable 
differences. Hence, even in these cases of fairly high symmetry, in the 
absence of special circumstances such as those surrounding the rare 
earths, readily measurable differences are found to exist between iso- 
morphous (even eutropically so) substances. 

In concluding this section it should also be stated that two ortho- 
rhombic series of salts, the permanganates of' potassium, rubidium, 
caesium and ammonium, and the perchlorates of these same bases and 
thallium,^ R'Mn 04 and R'C 104 , have been investigated as far as their 
morphology is concerned by Muthmann® and by Barker^ respectively. 
The results are exactly in line with those of the author for the sulphates 
and selenates, and this independent confirmation itf very welcome and 
satisfactory. Further details of these results will be found on page 1263. 

^ For the structure of this group of minerals as revealed by X-rays see page 680. 

• Mineralog, Ma^., 1888, 8, 37. * Zeitachr. hr Kryst., 1894, 22, 647. 

< J<mm. Chtm. Soc,, 1906, «9,'’ll32. 
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The author^ has also carried out, in collaboration with Miss M. W. 
Porter, an investigation of a group (the magnesium group) of the mono- 
clinic double chromates R 2 'M"(Cr 04 ) 2 . GHgO, the results being remarkably 
in line with those for the double sulphates and selenatcs, showing that 
the three series formed by sulphur, selenium, and chromium (in its chromic 
acid form) are truly portions of the same great isomorphous series. But 
the chromium faeries is not eutropic with the other two series in which 
sulphur and selenium are interchangeable, which two latter series i)robably 
are eutropic. The ammonium magnesium and rubidium magnesium 
chromates are practically isostructural, like the other Am and Rb pairs 
of salts. The potassium salt K 2 Mg(Cr 04 ) 2 . gHgO was jiot obtained, 
doubtless for a reason similar to that already mentioned, which prevents 
the formation of the potassium salts of the manganese and cadmium 
groups of double sulphates and selenates. In the year 1919, however, it 
was fugitively obtained by A. Duffour,’^ but proved to be exceedingly 
unstable ; for if the temperature exceeded 10° C. the crystals became 
opaque within 5 hours, and became converted into a mass of minute 
crystals of the triclinic dihydrate. Duffour was just able to make a few 
measurements of the crystals at low temperatures before their decom- 
position, and the angles ])roved to be related to those of the rubidium 
and C80sium salts precisely as in the cases of the double sulphates and 
selenates. the rubidium salt being intermediate as regards the values of 
its crystal angles. For instance, the important axial angle ac, of 
Duffour’s potassium magnesium chromate was 103° 54\ the corresponding 
angle of the rubidium salt having been found by us to be 104° 49', and 
that of esDsium magnesium chromate to be 106° 4'. 

Blixed Crystals, Overgrowths and Parallel Growths, and their Mation 
to Isomorphism— These three very much discussed subjects are intimately 
connected with each other and with the subject of isomorphism, and a 
clear explanation has only been afforded by the development of the 
recent work on molecular volumes, topic axial ratios, and the X-ray 
analysis of crystals. As the combined result of these investigations it 

may be said at once that : . j i • 

The formation of parallel growths, overgrowths and mixed crystals, is 
dependent on close similarity in shape and size of the elementary (mt) 


cells of the Sin*w-i«**»*vTO ^ — 

The space-lattice must not only be of the same type of symmetry, as is the 
case for all the members of isomorphous series of substances, but also 
the relative and absolute dimensions of the unit cells must be very nearly 
identical; the nearer to identity the more perfect the overgro^h or 
admixture, the outer limit of approach towards identity wrresponding to 
the formation of parallel growths, while the closer and still cl^r^api^m- 
mttiAn oortesponds to ovetgto?rth8, zonal growth,, or complete adnu^. 
Thi, means closeness to eanaUty both in the molecnlar vo nmM and topic 
axial ratios, and in the absolnte ceU volumes and oeU side or edge 
aiA..«.iAn. M determined by the X-ray spectrometrio method. 

Thus for instance, the rhombic series of sulphates of potassium, 
> Mimrakg. Mag., 1912 , 16. 169 . ’ ComfU, Bandas. 1919 , 169. 73 . 



1848 CRYSTALLOQBAPHY part iv 


rubidium, csBsium, and ammonium have been shown to have the values 
of all these constants which will be found on page 703 of Chapter XXXIII. 
It will be observed that, in accordance with the progression according to 
atomic weight and atomic number, there is a considerable difference 
as regards all these constants between the two extreme members of 
the series, potassium and caesium sulphates, but naturally much less 
difference between either of these extreme members apd the interme- 
diate member rubidium sulphate, and that the values for the latter are 
nearly identical with those for ammonium sulphate. Similar relation- 
ships hold as regards the selenates. Now it is a fact, in full agree- 
ment with the above statement, that parallel growths, overgrowths, and 
mixed crystals cannot be obtained of j^tassium and csesium sulphates 
or of the selenates of the same two metals ; they can be obtained, with 
some patience and possibly some turbidity, of the analogous potassium 
and rubidium or ca38ium and rubidium salts. But the rubidium and 
ammonium salts form mixed crystals, overgrowths, zonal growths, and 
parallel growths (which almost immediately become complete over- 
growths) with the greatest facility, by virtue of their almost identical 
structural-cell dimensions. The beautiful work of Barker on parallel 
growths and overgrowths has already been discussed at some length on 
page 498, and it is fully confirmed by the researches of other workers, 
notably those of Wulff already referred to. The author’s own remarkable 
experience in the case of ammonium selenate has also been referred to 
on page 514, and again in more detail on pages 738 and 739. More- 
over, it will be found described in Chapter XXXIII. how that Prof. 
Ogg and Mr. F. Lloyd Hopwood, working in Prof. Bragg’s laboratory 
and employing the identical crystals of the salts prepared with great 
care by the author, have been able to determine the absolute dimensions 
of the cells of the space-lattices of these rhombic sulphates, and have 
found these actual measurements to be related precisely as are the topic 
axial ratios given by the author, the absolute values for the ammonium 
and rubidium salts being almost identical. 

There has been very much discussion and controversy as to the nature 
of mixed crystals. The question has been : “ When two substances 
crystallise together, do they form distinct alternating layers, as has been 
suggested by Retgers in voluminous memoirs, or do the molecules of the 
two substances mingle as if there were but one substance present ? And 
if the latter occur, will the structural constants be a mean between those 
of the constituents (assuming the usual slight- variation between the 
dimensions of the different members of an isomorphous series), taking 
into account the proportions of the two ingredients present ? ” A decided 
answer ^ould now appear to have been given to these questions, as another 
advance due to the new use for X-rays in probing crystal structure. An 
investigation attended by definite results has been carried out by Vegard 
and Schjelderup,^ employing the Bragg X-ray spectrometric method 
described in Chapter XXXIII. They commence their memoir with an 
excellent review of the very considerable literature on the subject. They 
^ PXys. Zeitachr.f 1917, 18, 93. ^ 
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point out, as already indicated* by Barker^ in the year 1908, that there 
are two schools of thought, corresponding to the two alternatives presented 
in the questions propounded above. The one is represented by the views 
of Retgers, who from numerous experiments, which from their very 
nature could never be conclusive, suggested that the phenomenon is purely 
mechanical, mixed crystals being formed of series of thin homogeneous 
laminse. The other is represented (according to the state. nent of Vegard 
and Schjelderup) by the views of Wulff,* Gossner,* rfnd Tutton,* who 
consider that the mixing is of a more intimate nature, one or two atoms of 
one constituent being replaced, here and there, at some of the nodes of 
the same space-lattice, by a corresponding atom or atoms of the other ; 
these three investigators have shown that the magnitude of the molecular 
volume plays a decided part in the formation of mixed crystals, in that 
the molecular volumes of both substances must not be widely different, 
this being a necessary condition for miscibility. It is the latter fact that 
has led these three workers to the view that an intimate union occurs 
between the two components, and one of them, Go.s.sner, has stated still 
further important grounds for this assumption. 

Before proceeding to describe the results of Vegard and bc'hjelderup, 
a word or two of detail, as to the experiments of Wulff, Gossner, and the 
author, are necessary in order to make their position clear. Wu ff 
observed that ammonium sulphate (mol. vol. 74-04) mixes completely 
to give perfect mixed crystals with rubidium sulphate (mol. vol. 7d*d4), 
and also, but not so perfectly or in such good crystals, with either potas- 
sium sulphate (mol. vol. 64-91) or c®sium sulphate (mo vol. 84 -o8); 
potassium and cesium sulphates, however, he found totally immiscible 
md he ascribed this to their inability to fit together, owing to great 
difference of molecular volume. 

Gossner observed that the isomorphous hexagonal salts . OHgO 

(mol. vol. 145-6) and NiSiFe . (mol. vol. 144-6) mix in all propor- 
tions, while the former is quite immi.scible 

ZnSnFe.eH^O (mol. vol. 166-0), and he attributed the reason to the 

considerable difference of molecular volume. nc thf» 

The author (Tutton) had already arrived quite independently at the 

vois. anu oiij j , , . , contain more than 60 

transparent 7 the latter salt in the pule state 

pet cent, of the aram Ihombic crystals, the common form stable 

ean never beobtmned at ^m 

> Mineralog. /Hr Kr.j>l.. 1807, 43. IIW. 

: 1 >0^ pr*. «... a. .8«7. 37. 
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selenate could be prepared in good crystals their density would be slightly 
greater than that of the monoclinic form, which had necessarily to be used 
in calculating the molecular volume; the molecular volume for the 
rhombic form would thus be still closer to that of rubidium selenate than 
is shown by the numbers just quoted. 

It should also be mentioned that Barker has proved {loc. cit.) that 
the necessary degree of closeness of molecular volume and of topic axial 
ratios is much greater for miscibility than for the mere formation of 
parallel growths. Moreover, the conditions are quite different; for 
when one salt grows in parallel position over another (as in the case of 
sodium nitrate NaNOg over calcite CaCOg, illustrated in Fig. 396 on 
page 499) the values of the angles of the crystals deposited do not tend to 
approximate to those of the mother crystal ; for the latter is already a 
fixed solid and cannot reciprocate by meeting the depositing substance 
half-way and to that .slight extent altering its own angles. But when 
mixed crystals are formed the substances can acconmiodate themselves to 
each other, the result being a structure with intermediate angles. The 
accommodation occurs in all probability both just before and during 
solidification. In the case of deposition on an isomorphous ready-formed 
crystal, when the molecular volume and topic axial ratios of the depositing 
crystalline substance are very close to those of the solid already present 
as a crystal, the growth usually takes the form of a zonal growth or 
complete overgrowth, and no longer as isolated small crystals arranged 
parallelwise with the structure of the parent crystal. 

To return now to the investigation of Vegard and Schjelderup, they 
have proved that the X-ray spectrometric method of crystal structure 
analysis affords the means of deciding this important question as to the 
intimate nature of mixed crystals. For, if mixed crystals be composed of 
two sets of thin homogeneous alternating laminse, each component must 
produce its own X-ray spectrum, and the spectrum of the mixed crystal 
should be a superposition of the two separate component spectra. Jf, 
however, the mixed crystal behave as an entity, the atoms of both 
substances taking their places in a combined configuration, a single and 
different X-ray spectrum would result. Vegard and Schjelderup have 
carried out a whole series of experiments to ascertain the facts, using the 
Bragg X-ray spectrometer. Four cases of mixed crystals were tested, 
three being mixtures of potassium chloride and bromide, KCl and KBr, 
in different molecular proportions, and one being a mixture of potassium 
and ammonium bromides, KBr and NH 4 Br. The reflections from the 
cube, rhombic dodecahedron, and octahedron faces were all investigated. 
The result was that the crystals were found to reflect X-rays as entities, 
the spefttra being normal. That is, they were not composed of two super- 
imposed spectra with double reflection maxima, but consisted in each 
case of a single maximum of reflection, at a glandng angle which was 
» intermediate between the angles which were observed with crystals of 
the two constituent pure substances. The authors, therefore, consider 
the test decisively against the Retgers view of thin alternating lamin®, 
and in favour of the views of Wulff, Gossner, and the author. This 
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result is striking, and deeply interesting as being another brilliant out- 
come of the use of X-rays as revealers of crystal architecture. 

It would thus appear, as Gossner and the author have concluded 
from much definite experimental evidence, that in the mixed crystal a new 
configuration arises, with a corresponding minute change in the volume 
and linear dimensions of the space-lattice unit cell, and the molecular 
volume must b^ considered as also correspondingly modified. The 
adjustment occurs through the atomic forces, which dbubtless together 
make up the force of crystallisation. The new atomic arrangement, 
corresponding to the observed maxima of reflection, is v^rked out by 
Vegard and Schjelderup for each of the four ca.se8 studied. It must be 
remembered that all the configurations, those of the two components 
when in separate crystals of the pure substonces and the intermediate 
new configuration of the mixed crystal, are all very nearly identical, 
and are absolutely so in symmetry. The view of Wulfi, Gossner, and the 
author, that mixed crystals are true homogeneous structures, and that 
only those members of isomorphous series form them which are fairly 
close together in molecular volume, is explained on the assumption that 
the force of crystallisation brings about actual equalisation of the 
molecular volumes, one constituent contracting to a minute extent and 
the other expanding to the same extent in the act of crystallising together ; 
the amount of such change of volume is only of the same order as the 
author has actually found to occur in his determinations of the thermal 
expansion of the sulphates of the alkalies (see })ages 1241 and 1323-1329). 
TMs view is now thus confirmed in a most satisfactory manner by the X-ray 
work of Vegard and Schjelderup. Moreover, further confirmation, if any 
were needed, has since (1919) been afforded by the results of a research 
by F. Rinne,^ who has submitted a considerable number of pure sub- 
stances and their mixtures to X-ray analysis The substances comprised 
the cubic elements aluminium, copper, silver, gold, and lead; the 
rhombohedral carbonates of magnesium calcium, manganese, iron, 7inc, 
and cadmium ; and the cubic haloid .salts of lithium, sodium, potassium, 
rubidium, and c»sium. The results indicated clearly that in isomorphous 
mixtures of the members of each of these groups of sub.stances the vicarious 
constituents replace one another atom for atom or group for group in the 
crystal lattice. It is thus absolutely certain that closeness of molecular 
volume and congruency of topic axial ratios, in other words, close approxi- 
mation to the identity of the volume and dimensions of the space-lattice 
cells, that is. compatibility of the structural dimensions, are the conditions 
for the ready formation of mixed crystals, zonal growths and overgrowths, 
parallel growths being still i^ssible when the dimemsions are not quite 

so close. « 1 1 1 1 • 

Very beautiful cases of overgrowths are those afforded by the immer- 
sion of crystals of zinosulphate (mol. vol. H6-7) in a solution of magnesium 
sulphate (mol. vol. 147-1), and of chrome alum crystals (mol. vol. 542-2) 
in a solution of potash alum (mol. vol. 541 -6). 

Again, the notorious formation of zonal growths of one felspar on 
* C^nir, Min., 1919, 16l. 
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another is due to a similar cause, for**the molecular volumes of the 
extreme members of the group, albite and anorthite, are 1 00*1 and 101 *6, 
so close, in fact, that the difference is less than 1 J per cent. 

It must not be overlooked also that there is frequently very intimate 
admixture of the interchangeable constituents of an isomorphous series 
in naturally occurring minerals. For it is rare to find a mineral composed 
of the absolutely pure salt which it is supposed to be. generally 

reveals the presence, either as traces or larger quantities, of other members 
of the same family of elements, which thus vicariously replace equivalent 
quantities of tlie main element. It is this fact which is responsible largely 
for the difficulty often experienced in determining the composition of a 
newly discovered mineral. It is also this same fact which renders it 
usually much more satisfactory to work, in crystallographic investigations, 
with artificially prepared pure substances, the composition of which is 
definite, rather than with naturally occurring minerals. 

Perhaps the best example of “ vicarious ” isomorphous replacement 
is afforded by the garnet series of cubic minerals, R3"R2''^(Si04)3. The 
principal members of the garnet group are the following, in which R'' 
is calcium, magnesium or iron, and R'" is aluminium, iron or chromium : 

Grossular 3CaO . AhOg . SSiOj 

Pyrope 3MgO . AlgOj . SSiOg 

Almandine 3FeO . AlgOg . 38i()2 

Andradite 3CaO . FogOg . aSiOj 

Uvarovito 3Ga() . (V^Og , SSiOg 

From the constitutional manner in which these formula) are (expressed, 
it will be obvious that there are two sets of vicarious constituents, one 
set consisting of CaO, MgO, and FeO, and the other set comprising 
AI2O3, Fe203, and Cr203. Many garnets contain small quantities of the 
other vicarious possible constituents than the two main ones constituting 
the particular mineral. 

Unusual Types 0 ! Isomorphism— It will have been seen from the 
foregoing that the original definition of isomorphism given by Mitscherlich, 
and even his later one, has been narrowed down to denote the similar 
structures of compounds of the same type, in which the interchangeable 
elements belong to the same group of the periodic system, the chemical 
structure and distribution of valencies remaining the same. It has, 
however, been also shown that there are some cases of undoubted iso- 
morphism which cannot be brought within the limits of such a definition, 
for instance, the isomorphism of ammonium and thallium sulphates, 
(NH4)2S04 and TI2SO4, with potassium sulphate K2SO4 and its undoubted 
family analogues rubidium and csesium sulphates, Rb2S04 and O2SO4. 
Ammonium is a radicle group NH4, while thallium is a metal of dual 
character. It belongs to Group III. of the periodic system, and when 
acting with its higher triadic valency is allied to aluminium and the 
other triadic analogues of Group III., forming the thallic salts such as 
the sulphate 112(804)3, but in its lower monadic capacity it simulates 
some of the properties of the alkali metals, forming thallous salts. 
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In the same way there is the remarkable case of calcite CaC08 
sodium nitrate NaN03,^ both of which crystallise in rhombohedra the 
angles of which are very close together, namely, 74° 56' (as measured by 
the author, see page 378) and 73° 27' ; the molecular volumes of the 
crystallised substances are also nearly identical, 36-8 and 37*8, so that, 
as Kopp long ago showed and Barker has more recently brought into 
prominence, sodium nitrate forms excellent parallel growths (see page 
499, with Fig. 396) on calcite. That it k a me ol koUTuetute \s quite 
clear, because sodium nitrate absolutely refuses to form parallel growths 
on the analogous carbonates of iron, zinc, and manganese, FeCOg (chaly- 
bite, mol. vol. 30*2), ZnCOg (calamine, mol. vol. 28*2), and MnCOg (rhodo- 
chrosite, mol. vol. 31 -0), or on dolomite (CaMg)C03 ^2*1), all of 

which have molecular volumes and topic axial ratios too considerably 
removed. The topic axial ratio ^for calcite is 4-0478, and for sodium 
nitrate 4-1276; the values for chalybite, calamine, and rhodochrosite 
are 3-8432, 3-7763, and 3-8781. Moreover, the parallel growths of sodium 
nitrate are not only deposited on the rhombs of Iceland spar, but also 
on any other of the forms of calcite, on the scalenoliedra of dog-tooth 
spar for instance. Thus the unit-structural cells of sodium nitrate are 
more compatible and congruent with those of calcite than with any other 
member of the rhombohedral carbonate group, and parallel deposition 
occurs in that case only, in consequence of the fulfilment of the requisite 
condition. The fact that the number of atoms is the same in sodium 
nitrate and in all the four carbonates, however, and that the structure 
is similar, renders it more or less illogical not to consider the five substances 
all isomorphous with one another. 

Another case which has been investigated by Barker {loc. cit.) is that 
of rhombic potassium perchlorate and barytes, KCIO4 and BaS04, which 
crystallise in very similar forms and the former of which deposits excellent 
parallel-growth crystals on the latter, owing to close congruency of the 
structural units of the two substances, the molecular volumes and topic 
axial ratios being very nearly the same. Now each is a member of a 
rhombic isomorphous series, that of barytes including celestite SrS04 and 
anglesite PbS04 (anhydrite CaS04 not being isostructural ss it has a 
different cleavage), and that of which potassium perchlorate is a member 
being a double series which includes both the perchlorates and perman- 
ganates of potassium, rubidium, caesium, ammonium, and thallium. The 
degree of isomorphism between the perchlorates and permanganates is com- 
parable with that between the sulphates and selenates of these same five 
bases. The permanganates and perchlorates, as already mentioned, have 
been investigated as regards their goniometry and volume constants by 
Muthmann (loc. cit) and by Barker {loc. dt) respectively, and found to 
be related in a similar manner to that described by the author for the 
sulphates and selenaftes ; the potassium, rubidium, and csesium salts 
exhibit the same progression according to atomic weight or atomic 
number, the rubidium salt being always intermediate ; moreover, the 
dimensions of the structural-unit cells of the ammonium salt of each 

* For the atnictire of both substancea as revealed by X-rays see page 683. 
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group have been found to be remarkably close to those of the rubidium 
salt of that group. The following table will render this clear, as regards 
both the progression of the principal angles and that of the volume 
constants, molecular volume and topic axial ratios. Separately, at the 
foot of the table, some corresponding constants for the three barytes 
minerals are also given. 
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Crystallooraphio and Volume Constants op Permanganates 
AND Perchlorates and Barytes Group. 
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79 

28 

63 

7 

38 

48 

63-23 

4 0362 

4-8665 

6-4704 

3-1674 

C 8 Mn 04 . . 

81 

66 

53 

53 

38 

17 

70-04 

4-2661 

4-9005 

6-7161 

3-2460 

,AmMn 04 

78 

28 

52 

47 

38 

53 

62-13 

3-9757 

4-8698 

6-4126 

3-1433 

( Barytes . 

78 

23 




. 

62-0 

3-6609 

4-7899 

6-9472 

3-0113 

Celestite . 

75 

58 





46-8 

3-5349 

4-6931 

5-7649 

i 2-8980 

( Angles! te 

76 

17 





48-2 

3-5743 

1 4-6520 

5-8694 

2-8938 


Now it will be clear from this table that there is much closer 
compatibility and congruency between potassium perchlorate and barytes 
than between any other member of the perchlorate-permanganate group 
and the barytes group, and it is just between these two that the 
phenomenon of parallel growths is observed ; the next nearest is 
potassium permanganate, and this salt shows also some tendency, but 
a lesser one, to form such growths. The rest do not exhibit the 
phenomenon at all. From the foregoing it is obvious that we find great 
difficulty in denying the relationship of isomorphism between calcite 
and sodium nitrate, and between potassium perchlorate and barytes. 
Moreover, Barker^ has shown that there is a remarkable isomorphism 
between the two latter substances and the borofluoride of potassium, 
KBF 4 . A useful list of extraordinary cases of isomorphism is given 
in this 1912 memoir of Barker (page 2487), in which are included the 
singular group alluded to on page 1226, in which the oxy-groups CbOF 
and WO 2 replace the group TiF 2 . Two other unusual cases are the 
replacement of CaSi by 2A1 in the pyroxenes, and NaSi by CaAl in the 
felspars^, for albite, NaAlSi 308 = NaSi(AlSi 208 ), and anorthite, CaAl 2 Si 208 
^CaAllAlSigOg). 


» Joum. Chem. Soc., 1912, 101, 2484. 



CHAPTER LV 

POLYMORPHISM, ISOGONISM, AND ENANTIOMORPHISM 

PolsTQlorphism. — The occurrence of one and the same substance in more 
than one crystalline form has already been referred to in the last chaj)ter, 
and several instances have been quoted, notably those of calcium car- 
bonate (trigonal calcite and rhombic aragonite), sulphur (ordinary form 
rhombic, second form monoclinic, produced after fusion and })artial 
resolidification), and the sulphates of magnesium, zinc, nickel, iron, and 
cobalt, M"S04 . 7 H 2 O (rhombic and monoclinic). An exceptionally 
interesting case, which will be dealt with in detail in Chapter LVII., 
is that of silver iodide, Agl, which is hexagonal at ordinary temperatures, 
but changes suddenly to cubic at 146° C. Another remarkable case, that 
of ammonium selenate, (NH 4 ) 2 Sc 04 (monoclinic, but rhombic when 
mixed with other alkali sulphates or selenates, like these other salts of 
the series), has already been referred to on page 1248 in the preceding 
chapter, and given in some detail on pages 514 and 738. 

To these dimorphous cases may be added the trimorphous case of 
titanium dioxide, Ti02, also already mentioned on page 198, which occurs 
naturally in the two distinct tetragonal forms of rutile and anatase (the 
measurement of a crystal of which is described in Chapter XIII.), and 
the rhombic form of brookite. Ammonium nitrate, NH4NO3, according 
to Lehmann^ is even tetramorphous, and the limits of stability for all 
four forms occur between the ordinary temperature and the melting 
point of the dry salt, 168° C. The fused salt first solidifies in isotropic 
skeletal crystals. On cooling to 125*6° the mass becomes suddenly 
doubly refractive, and in the case of a solution at this temperature 
optically uniaxial crystals are deposited (rhombohedra *). On cooling 
further, at 82*8°, from among the growths of the last-mentioned form 
rhombic needles appear, having a particular orientation towards the 
crystals of the rhombohedral form. Finally, at 32*4°, these rhombic 
crystals change into a fourth modification, also of rhombic symmetry, 
and it is this form* which is obtained in large flat tabular or acicular 
crystals by the evaporation of aqueous solutions at the ordinary tem- 
perature. When these crystals of the ordinary form are warmed they 

‘ Zeitschr. fur Kry«l, 1877,^7, 106. 

» Recording to Wallerant this form is tetragonal. 
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become converted successively at the proper temperatures into the three 
other forms. Schwarz has determined the densities, specific volumes, 
and specific heats of all four varieties. A considerable increase of volume 
occurs on conversion of the uniaxial form into the cubic, and of the 
ordinary rhombic form into the other rhombic form ; the conversion of 
the latter rhombic form into the trigonal form is, however, accompanied 
by contraction. The needle-shaped crystals of the ordinary form exhibit 
remarkable plasticity, being capable of being bent into a V shape or into 
a loop, as more fully described on page 565. 

A case of dimorphism which may be readily demonstrated under the 

microscope is that of 
antimony trioxide, 86203 , 
the photomicrograph of 
a slide of which is repro- 
duced in Fig. 866 . The 
slide was simply obtained 
by subliming a little of 
the oxide, heated gently 
in a test tube, on to a 
cool microscope - object 
3 by 1 - inch slip. The 
vapour condensed in 
crystals on the slip, and 
on examination under 
the microscope both 
varieties, rhombic and 
cubic, were found to be 
present, the former in 
the shape of long acicu- 
lar prisms and the latter 
in isolated octahedra, 
which were often found perched on the needles, as shown in Fig. 866 . 

In the well-known clear cases which have been referred to there can 
be no doubt that the polymorphism is due to the ability of the molecules 
of the substances in question to form two or more different space-lattices, 
within the temperature limits of ordinary observation. That is, at a 
series of ascending or descending temperatures, assuming the pressure to 
remain the ordinary atmospheric, these different types of homogeneous 
structures are produced, each at its own particular temperature, for which 
stable equilibrium of that crystal structure occurs. Generally two such 
different crystalline forms are all that are possible within the life-range 
of temperature of the substance, but instances have already been given 
in which three and even four distinct forms are known of one and the 
same chemical substance. Such a substance will thus? present two or more 
different “ solid phases,” to adopt the language of physical chemistry, 
each characterised by a distinct crystalline form, with specific elementary 
space-lattice cell both as regards symmetry and dimensions, and specific 
optical and other physical properties. The conversioi^ of one form into 



I'lO. 8OQ.— Tlie two Crystal Forms ol' Antimony Oxide. 
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another occurs sharply at a sjfecific temperature, the pressure remaining 
sensibly the same, and the change of properties is likewise sudden and 
discontinuous. The phenomena of supercooling and superheating are 
not at all rare, however, in connection with this critical conversion- 
temperature, just as in the case of the melting point. 

Very many other cases of polymorphism have been described, but 
the greater nun^er have been proved not to be true cases of polymorphism, 
that is, of the development of two or more distinct structures with different 
space-lattices, by the same absolutely* identical chemical molecules ; they 
have, instead, proved to be cases of chemical isomerism, the two or more 
supposed “ varieties ” corresponding in reality to two or more different 
chemical molecules of distinctly different constitution, although composed 
of the same number and kind of atoms. As time goes on one after another 
of the substances formerly regarded as polymorphous, especially organic 
compounds, becomes removed from the list, the two or more forms having 
been eventually shown to be due to isomerism, tautomerism, or polymer- 
ism, so that it would appear that the list of truly polymorphous substances 
cannot be a very long one. 

In order to be (juite clear as to the meaning of these various terms, 
they are defined as follows : Isomeric (from “ composed of equal 

parts ”) substances are such as possess the same empirical chemical com- 
position, that is, the same number of atoms of the same chemical elements 
in the simplest formula (indivisible by any common factor) capable of 
expressing the composition of the substance, and which are yet quite 
different substances by virtue of one or other of the following facts, which 
discriminate between two distinct kinds of isomers. ( 1 ) The real constitu- 
tion is only expressed by one or more of the isomers being a multiple or 
multiples of this simple empirical formula, and a different multiple in the 
case of each isomer, for instance acetylene C2H2 and benzene CgH^ ; the 
isomerism in this case is of the type specifically designated as Polymerism. 
Polymeric substances have the same percentage composition but different 
molecular weights. A special case of polymerism is the allotropy of an 
element. (2) The difference is due to differences in the arrangement of 
the atoms in the molecule, that is, to differences in molecular constitution, 


the two isomers possessing the same percentage composition and the 
same molecular weight. This type of isomerism is known as Metamerism, 
and a good example is afforded by the two substances of the empirical 
formula C3H7Br, to which correspond the two quite different substances 
propyl bromide CH3.CH2.CH2Br and isopropyl bromide CH3.CHBr.CH3. 
The term metamerism is, however, restricted by some authors to isomers 
containing several different carbon groups held together by an atom of 

more than monad valency, such as ordinary ethyl ether ^ 


methyl propyl ether ^ 0 . When the two or more isomers are so 

readily convertible one into the other that their separation is a matter 
of great difliculty we have the phenomenon distinguished by the term 
Tautomerism ; Ijje best example is hydrocyanic acid HCN, which is 
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probably a mixture of the molecules NCH*ahd CNH, which are mutually 
convertible at ordinary temperatures. The phenomenon is only observed 
in liquids or solutions. Latterly it has come to be customary to refer 
to the isomers of the two classes (1) and (2), above distinguished, simply 
as polymers and isomers respectively. 

The main fact to be emphasised, therefore, as being definitely estab 
lished, is that the polymorphous states of the same chemical substance 
only differ in their'^crystal structure and the properties dependent on that 
structure.' Their difference ceases ‘as soon as the crystals are melted, 
dissolved in a solvent, or evaporated ; for the chemical molecules thereby 
liberated in the liquid or gaseous state are identical when the substances 
are truly polymorphous. Any differences then still persisting must 
obviously be due to something else than polymorphism, namely, to 
different properties and nature of the molecules themselves, of which 
the crystals had been formed ; that is, the two kinds of crystals must 
have been those of chemical isomers, substances composed of the same 
number of atoms of the same elements, but arranged as differently 
constituted molecules, different chemical entities with quite different 
properties. They consequently behave crystallographically as different 
substances invariably do, namely, they possess quite different crystalline 
forms ; the most that such different substances can show in the way 
of crystallographic similarity is possible morphotropy, that is isogonism, 
similarity of angles along one or two particular zones only. It often 
happens, however, that isomeric substances are very easily converted one 
into the other, and then give the same substance on fusion, and such a 
possibility has always to be borne in mind during the investigation. 

It will be gathered from the foregoing that a prominent characteristic 
of polymorphous modifications of the same substance is the capability 
of becoming converted, by change of temperature only, one into the 
other, without either fusion, evaporation, or the intervention of a solvent. 
This direct conversion of one crystalline form into the other may be 
observed under the Lehmann heating microscope (Fig. 843, page 1172), 
which enables the crystals to be studied during change of tem- 
perature, on heating to a temperature higher than the ordinary or on 
cooling therefrom. It is then possible not only to study the form during 
the growth of the crystals, but also the optical properties throughout the 
experiment, especially in polarised light when one of the forms happens 
to be isotropic, as is not infrequent, and the other doubly refractive. 
It can also be determined which is the stable' modification for the 
particular temperature, as this forms at the expense of the other variety. 

The thermal crystallisation-microscope can also be used to discover 
whether two forms are polymorphous or isomeric. One of them is melted 
on the stage, and then during cooling of the liquid the latter is touched 
at two different places by a small crystal of each o'f the two different 
sorts of crystal in question. If both grow until they touch, and then 
one continues to grow at the expense of the other, a little rewanning 
being effected if necessary, the two sets of crystals are polymorphous 
forms of the same chemical Substance. But if only onf of them grows. 
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or, supposing both to grow, if the two crystallisations on mutually touching 
remain indifferent to one another even when the temperature is raised, 
the two sorts of crystals are chemical isomers. The ve nation of the 
temperature is essential, as some polymorphous pairs remain indifferent 
to each other at the ordinary temperature for very long periods of time, 
in some cases days and in others years {e.g. the apparently equally stable 
calcite and aragonite, trigonal and rhombic CaCOg). Also the absence 
of traces of a solvent must be ensured, as certain i'somers (tautomeric 
substances) are readily converted into one another on solution. Another 
method of distinguishing between polymorphs and isomers will be given 
later in this section (page 1263). 

On the conversion of the polymorphous form A, which is stable at the 
lower temperature, into the other form B, which is stable at the higher 
temperature, a thermal change is manifested, and as a rule B possesses a 
greater specific heat and lower density than A. At the critical tem{)erature 
of conversion A and B arc in equilibrium, and this temperature e.xhibits 
a similar dependence on the atmospheric pressure to that exhibited by 
the melting point. That is, if on conversion of A into B expansion occur, 
the conversion-temperature increases with the pressure, in accordance 
with the same law as that which the melting point follows. The over- 
stepping of the temperature either way without the conversion occurring, 
corresponding to superheating or supercooling in fusion experiments, is 
only possible so long as no trace of the other modification is present. 
When such a condition of supercooling or superheating obtains, that 
condition of the substance is said to be metastable, and mere contact 
with a particle of the other modification relieves the strain. The labile 
condition or limit is that for which .spontaneous conversion into the 
other form stable for that temperature occurs. Near the conversion- 
temperature the ordinary rule for such cases ])revail8, namely, that there 
is greater rapidity of conversion the greater the distance from the critical 
temperature of conversion. But when the supercooling is considerable, 
viscosity or solidity begins to be effective in a counter sense, and eventually 
its effect becomes relatively so great that both varieties can exist side by 
side. Such a case is afforded by sulphur, and even more perfectly by 
calcium carbonate, the stable trigonal form calcite and the metastable 
rhombic form aragonite being notoriously both apparently stable and 
mutually indifferent at the ordinary temperature ; it is only on consider- 
able rise of temperature, to near the actual conversion-temperature, 
when the solidity is weakened, that aragonite shows any sign of becoming 
converted into calcite. According to Johnston, Merwin and Williamson ^ 
aragonite changes pseudomorphously into calcite at rates which increase 
with the temperature, and the change is nearly instantaneous at 470 C. 
At - 100° the reverse change occurs. 

The rhombic form of sulphur, which has the higher density and smaller 
specific heat, is stable up to 95*6°, at which temperature change to the 
monoclinic modification occurs with absorption of heat ; on the converse 
happening, cooling below 95*6°, heat is evolved. The critical temperature 
• ^ Amer. Jaum. Sci., 1916 473. 
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95*6° can, however, be easily overstepped,* if no trace of the monoclinio 
form be admitted, until the sulphur melts at 113*5°. If, however, the 
monoclinic form be produced, this does not melt until the attainment of 
U9*5°. Conversely, the monoclinic crystals which separate from the 
“ melt,” if all trace of rhombic sulphur be precluded, can be retained on 
supercooling even down to the ordinary temperature, without reconversion 
into the rhombic form. Then, however, soon afterwards, spontaneous 
conversion into thdt stable form begins and spreads rapidly throughout 
the mass, the condition being thus a labile one. No overstepping of the 
critical temperature of conversion ever occurs, however, if the other 
modification be present. If sulphur be melted in a perfectly clean vessel 
and then supercooled carefully, without disturbance, crystals of either 
variety can be obtained at pleasure, by touching the fused mass with a 
crystal of that variety ; the rapidity of crystallisation of the rhombic 
form under these conditions is, however, many times as great (25 to 100 
times) as that of the monoclinic variety. Monoclinic sulphur is more 
soluble in chloroform, benzene, and ether than the rhombic variety. 

Another case of special interest is that of mercuric iodide, Hgl 2 , which 
separates from aqueous solution in red tetragonal crystals, and from 
the state of fusion or by sublimation as yellow rhombic crystals ; the 
latter, on cooling, change spontaneously into an aggregation of the red 
crystals, which can again be converted into the yellow rhombic crystals 
by heating, the critical temperature of the change being 126*3° C. This 
point can be overstepped either way if all disturbance be avoided, and the 
yellow variety may, if kept perfectly still, be retained at the ordinary 
temperature ; the moment these yellow crystals are touched by a solid 
body, however, say on scratching with the point of a needle or pin, they 
immediately become converted into the red variety. On the passage of 
the red into the yellow form a sudden expansion of volume occurs, with 
absorption of heat ; and the specific heat of the yellow modification is 
smaller than that of the red form, corresponding to an evolution of heat 
which occurs when the yellow form changes by cooling into the red form. 
Mercuric iodide of either form vaporises rapidly in a vacuum, even at 
low temperatures. If a solid body be held in the vapour, yellow crystals 
are deposited on it if the body have a perfectly clean surface. But if it 
has previously been rubbed with red crystals in one place, and with yellow 
crystals in another place, there are deposited red, crystals at the one place 
and yellow crystals at the other. 

It is thus clear that it is pre-eminently the temperature which deter- 
imnes the formation of the polymorphous modifications of a substance, 
given time for any temporary effects of supercooling or superheating to 
pass away* and for the properties associated with the .metastable and labile 
conditions to be fully effective. Hence, by crystallisation at different 
temperatures the different modifications of a substanc'e can be obtained 
from solution in the same solvent. For instance, the salt sodium mono- 
phosphate NaH 2 P 04 . H 2 O, with which Mitscherlich in the year 1821 
first observed dimorphism, is deposited in the ordinary rhombic form on 
the cooling of a warm aqueods solution ; but if the crysl^Rllisation occur 
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at lower temperatures the second unstable form, also rhombic but quite 
different to the other, is obtained. The conditions are here assumed 
to be the same as regards supersaturation, namely, crystallisation from 
a metastable solution. Another instance is calcium carbonate, which 
crystallises from a carbonic acid solution below 30® C., or when pre- 
cipitated from cold solutions of soluble calcium salts by a soluble carbonate 
(both very dilijte), in little rhombohedra of the ordinary stable trigonal 
form of calcite, as shown by the photograph of a dilute precipitation 
taken by the author under a very Jiigh power and reproduced in Fig. 
867 ; whilst by the rapid cooling of a hot .solution the rhombic aragonite 
separates, either alone if the temperature be over 70®, or mixed with 
calcite if between 30° and 70® C. This forms quite a beautiful microscope 
experiment ; for if a droj) of the hot solution in which the precipitation 



Djecuve. • - 

Photoiiiicrograplis of Precipitated Calcium Carbonate. 


is occurring be placed on a micro-slip, the feathery branching forms which 
aragonite takes when rapidly crystallised are at once jiroduced, together 
with little rhombohedra of calcite which form more slowly and perch 
themselves here and there among the branches. A reproduction of a 
photomicrograph of such an actual preparation made by the author 
under a moderately high power is given in Fig. 868. 

Calcite is the stable form of calcium carbonate, CaCOg, at all ordinary 
temperatures. Under all ordinary conditions, therefore, aragonite tends 
to pass over into calcite, but the time required is very cohsiderabie, 
especially when dry. Hence, the well-formed crystals of aragonite 
formed naturally iiersist for all reasonable time when kept m dry pl^es. 
They were probably formed in many cases by deposition from hot solutions, 
and in any case at a temperature higher than that at which calcite is formed. 

The exact conditions obtaining on the passage from one polymorphoM 
state or “ phase ” to another more 8table*one have been embodied by 
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Ostwald ^ in the principle that during such paasage “ it is not the most 
stable form which is attempted to be produced, but the form which lies 
next in stability,” as defined by the three curves, plotted against vapour 
pressure (p) or solubility as ordinates and temperature (T) as abscissas, 
which represent respectively the two solid phases or forms and the state 
of fusion. These three curves must intersect in pairs. As an example, 
suppose the case of sulphiy: be taken, re- 
presented in Fig. 869. The curve I is the 
vapojir pressure curve of ordinary rhombic 
sulphur, and II that of the monoclinic 
variety, while the curve S is that of fused 
sulphur. The points m, and ntn are the 
melting points of the two crystalline- 
varieties, and c is the mutual conversion 
point. If liquid sulphur be under-cooled, 
we pass along the curve S from right to 
left through mi, and mi, then through the 
FIO. 80».-Vapour Pressure Curves of metastable condition, and finally to X, 
(1). Monociinic (II), and where we arrive at the labile state, a solid 
form being then at once spontaneously 
produced. According to Ostwald’s principle above stated, this solid form 
will not be the stablest form of sulphur, the rhombic I, but form II, the 
monoclinic, because the curve for this form II is nearer to x than is the 
curve I. Later on a point is reached at which curve II becomes repre- 
sentative of the labile condition, and the monoclinic form then changes 
finally into the permanent rhombic form I. It has already been shown 
that for sulphur m, =113*5*^, m,, = 119*5°, and c = 95*6°. 

Such bodies as sulphur, for which c in the diagram comes below the 
curve S, and for which the conversion can occur in either direction, being 
reversible, are termed by Lehmann “ enantiotropic.” There are other 
substances, however, such as benzophenone, {CgH 5 ) 2 CO, for which the 
point c comes above the S curve, and the conversion can only then proceed 
in one direction, that is, it is non-reversible ; such substances are called 
by Lehmann “ monotropic.” Both enantiotropic and monotropic cases 
depend, however, on the same principle of Ostwald above stated, and 
represent the two possible modes of operation of the principle. 

Two remarkable cases of monotropic dimorphism, which form very 
striking demonstration experiments, have been described by Chattaway 
and Lambert.^ The substances in question are para-bromoacetanilide 
and 2 : 4-dibromoacetanilide, and their behaviour is almost exactly similar. 
On allowing a warm alcoholic solution to cool, fine needles of the labile 
variety separate, and so copiously that the containing vessel becomes 
completely filled with them. After some time, however, compact crystals 
of the stable form begin to grow at the top of the mass, at the expense 
of the needles, and eventually sink down to the bottom of the vessel. 
Finally, as regards polymorphism, it is now possible to describe, with 

* ^ Zeitschr. JUr phys. Chem., 1897, 22^ 306. 

a J<mrn. Qhm, Soc., 1916, 207, 1766. ^ 





fuller appreciation than would*have been possible earlier in this section, 
the second method referred to on page 1259 of distinguishing between 
polymorphous and isomeric (including tautomeric) substances. The 
method is due to Sidgwick,^ and depends on the fact that if a quantity 
of the less soluble of two polymorphous modifications of a subs^nce be 
added to a saturated solution of the more soluble form the concentration 
will not increase, as the two modifications afford the same chemical 
molecules on sSlution ; indeed, instead of increasing,* the concentration 
will actually diminish, to a degree (^ppendent on the difference of solu- 
bility of the two polymorphous varieties. But if two isomers be similarly 
treated, the addition of the less soluble crystalline solid does produce 
an increase of concentration, because two different chemical substances 
dissolve independently, each according to its own solubility, mutual 
interference being almost negligible. Sidgwick makes use of this principle 
to discriminate between polymorphs and isomers by determining the 
concentration, first for the two forms or different substances separately, 
and then for the two forms or isomers together, as the result of the addition 
of the less soluble one to the saturated solution of the more soluble one. 
If the two sets of crystals are dimorphous forms of the same substance, 
the result is somewhere intermediate between the results for the two 
separately ; if they belong to different but isomeric or tautomeric sub- 
stances, the result will be approximately the sum of the two. As a rapid 
means of estimating the concentration, Sidgwick employs the ordinary 
Beckmann process of determining the depression of the freezing ]>oint of 
some suitable solvent, the cryohydric point, by the two solids, first taken 
separately and then together as described. If the solids are dimorphous 
modes of crystallisation of the same chemical molecules the cryohydric 
point for their mixture is intermediate between the cryohydric points for 
the two taken separately ; but if they are isomers the cryohydric point 
for their mixture is below that for the more soluble substance, the depres- 
sion being more or less the sum of the two separate depressions. The 
method has proved very trustworthy and valuable. 

Pseudo-symmetrical Polysymmetry.— Certain substances which simulate 
a higher symmetry than they really possess exhibit the remarkable i)ro])crty 
of becoming actually converted into the second form of higher symmetry 
at a higher temperature. One of the most interesting cases is Potassium 
Sulphate, K 2 SO 4 , the rhombic crystals of which have been shown on page 
511 to simulate hexagonal symmetry, a pseudo-hexagonal structure being 
both naturally developed, the prism angle being only 12' short of 30°, 
and also even more perfectly produced by triple twinning. Now Mallard 
has observed that when potassium sulphate crystals are heated, a sudden 
change occurs between 600° and 650° C., into a truly unia;iial form. 
Similarly, Gossner has shown that monoclinic but pseudo-hexagonal 
sodium potassium sulphate, K 8 Na(S 04 ) 2 , and the analogous chromate, 
K 3 Na(Cr 04 ) 2 , are converted on heating into a truly hexagonal form. 

Such instances are better classed as polysymmetrical rather than 
polymorphous. For it is quite possible, and indeed highly probable, 
^ Joum. Chetn. Soc,^ 1916, W7, 672. 
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that they are due to submicroscopio repeated (lamellar) twinning of the 
original form, rhombic or monocUnic in the two cases just mentioned, 
Especially likely is this to be the case inasmuch as the change begins to 
be apparent while the temperature is still rising, some considerable 
number of degrees below the critical temperature of conversion. 

An excellent and somewhat remarkable new case of polysymmetry 
has been described by C. T. R. Wilson.^ It is that of butyranilide, 
which crystallises* in the rhombic system, but with a pronounced 
pseudo-tetragonal habit. On allowing the crystals to remain at rest 
they spontaneously undergo the slight rearrangement necessary to 
convert them into truly tetragonal crystals. On raising the tempera- 
ture the reverse occurs. The explanation is that the truly tetragonal 
form reaches its limit of stability at 10° C., and if the solution from 
which crystallisation occurs be maintained at a temperature below 10° C. 
the crystals deposited are those of the truly tetragonal form. 

Another interesting case of polysymmetry is that of Quartz. It is 
now well established that there are four distinct minerals composed of 
silica, SiOg, namely, quartz, tridymite, cristobalite, and quartzine, 
Moreover, each of the first three of these mineral species exists in two 
forms, which are distinguished as a and varieties. The change from 
the a form to the j8 form is fairly rapid when once the transition temperature 
has been overstepped, whereas the reverse change is slow and accompanied 
by much supercooling. These three mineral species can exist side by side 
indefinitely, except at high temperatures. The difference of rapidity of 
the transformation between the a and forms is probably due to the 
essential difference in the processes of polymerisation and depolymerisa- 
tion. The two kinds of quartz, a and are supposed to be composed 
of the same kind of chemical molecules, the transformation being due 
to a slight modification of the lattice, and the same may be said of 
tridymite. But cristobalite behaves differently ; the higher the tem- 
perature at which it was obtained from amorphous silica, the higher is 
the transition temperature, the a form changing into j8-cristobalite at 
temperatures ranging regularly from 220° to 274°, according as the 
temperature of formation had been between 1050° and 1600° C. Accord- 
ing to Fenner,* to whom much of our later knowledge of this subject is 
due, the number of molecules of Si 02 is probably in the order a-cristobalite, 
j8-cristobalite, j3-quartz, a-quartz. The a and varieties of quartz are 
very similar in optical properties, and only differ appreciably in symmetry. 
Fenner appears to have proved conclusively that at temperatures above 
1470° C. quartz, tridymite, and amorphous silica are converted into 
cristobalite ; between 1470° and 870° quartz, cristobalite, and amorphous 
silica are*similarly converted into tridymite; and below 870° tridymite, 
cristobalite, and amorphous silica have been converted into quartz. It 
is thus obvious that cristobalite is the high temperaUire form, tridymite 
the intermediate temperature form, and quartz the ordinary lower 
temperature form of crystallised silica. 

1 Proc. Roy. Soc., A, 1914, 90, 169, 

* American Joum. Science, 1913, 36, 331. Joum. Soc. Qlaaa Tech., 1919, 3, 116. 

I 
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Considering first Tridjrmite.^tliis mineral crystallises in the rhombic 
system, in the bipyramidal holohedral class 8, with a pronounced pseudo- 
hexagonal habit. It occurs naturally in apparently hexagonal plates, 
and in triplets of these, hence its name. Artificially crystallised silica, 
from fused acid silicates for instance, also usually takes the form of 
tridymite. This is also the form of silica found in meteorites, quarts 
being unknown jn them, a fact established by Maskelyne. Some con- 
fusion has been caused, however, by this meteoric tridymite having been 
named “ asraanite.” At a temperature of 130® according to Mallard, 
or in the interval 130® to 160° according to Steinmetz,^ rhombic tridymite 
is converted into a truly uniaxial, probably hexagonal, form, and this 
form appears to be permanent up to a low red heat. The reverse change 
occurs with much supercooling, often down to 90°. The change is 
accompanied by a distinct alteration in volume. 

Considering next Cristobalite, this mineral, according to Mallard, 
crystallises in what appear to be regular octahedra, but are really pseudo- 
cubic triplets of tetragonal crystals, of negative uniaxial optical character. 
They possess both low refractive indices, averaging 1432, and small 
double refraction, 0*0005. At 175° they change suddenly into isotropic 


truly cubic crystals. 

The characters of Quartz have been specified in .some detail on pages 
364 to 366, and it need only be recalled here that it crystallises in the 
trapezohedral class 18 of the trigonal system. As regards Quartzine, 
this mineral may prove to be identical with chalcedony, although there 
are some differences in character and appearance. Wallerant has 
shown quartzine to be a micro-crystalline fibrous aggregation, or m^ive 
variety, of silica. The fibres are of biaxial character, probably triclmic 
and certainly not of higher than monoclinic symmetry. They are 
positively doubly refractive, and exhibit an optic axial angle 2Va o 
68°, and refractive indices for sodium light as follows: a -1 *0325, 
jS =» 1 *6355 and V = 1 *5435. The fibres have their long dimension parallel 
to the acute biaectrbe of the optic axial angle, and apparently ^ f«™» 
the only clear distinction from the microscopic fibres of which cbalcedony 
ia com^sed, the form of silica (apparently amorphons) which is produced 
when iliea ia deposited from aqueous solution. The V 

is only superficial, however, for even the gem vaneties of J 

possei to micro-crystalline fibrous structure, namely, 

CenTre^ Trd (brownish red), plasma (leek green) bloodstone and 
heUotrope (plasma spotted with jasper"), “8“*' 
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structure of quartz is that of a regular point system formed by the 
spiralwise superposition of layers of quartzine, on the same principle as 
the mica combinations of Reusch described on page 1102. It is highly 
interesting that the indices of refraction for sodium light calculated for 
such an assumption are : m = 1 -543, and e = 1 -553, the real indices of quartz 
being 1 *5443 and 1 -5534, practically identical with these calculated values. 
Now, at the temperature of 570® Le Chatelier^ found^that both quartz 
and quartzine suffer sudden expansion, and a change of rate of alteration 
of density with temperature. Friedel ^ also found that at 600° the etch- 
figures on quartz are no longer trigonal trapezohedral but hexagonal. It 
has also been shown on page 445 that F. E. Wright has found that at 
575° the curve of change of the primary interfacial angle (100) : (111) 
suffers a complete break. It is at this temperature that ordinary or 
a-quartz becomes converted into ^-quartz, with but little change in 
appearance, the transparency being unaffected, and the optical activity 
persisting. It is not until the temperature of 1000° C. is reached that 
the further change to tridymite occurs This fact is confirmed by the 
observation that silica crystallised from fusion always takes the form of 
quartz at temperatures up to a low red heat, but of tridymite if the 
temperature of the fused mass be over 850°. It would thus appear that 
the conversion of ordinary a-quartz into j8-quartz is due to the formation 
of a truly trigonal trapezohedral crystal out of the quartzine-layers- 
structure. This is the most reasonable assumption capable of accounting 
for the complete change of certain physical properties with practically no 
change in symmetry and optical activity. These facts render this the 
most interesting of all known cases of pseudo-symmetrical ])oly8yrametry. 

Isogonism or Morphotropy. — k considerable number of closely related 
compounds, chiefly organic, have been shown to crystallise in forms 
belonging to the same system of symmetry, which exhibit close similarity 
in the angles of one or more specific zones, the other zones being, however, 
quite different. Occasionally, moreover, the system of symmetry is 
different, yet the prism zone, or some other well-marked zone, exhibits 
close similarity in the disposition and angular inclinations of the faces. 
In all such cases full isomorphism is clearly absent, and the substances 
are said to be “ morphotropic ” ® or “ isogonal,” the latter term (“ equi- 
angular ”) more correctly expressing the character of the relationship, and 
affording an obvious and immediately understood appellation. 

Pasteur,^ in the year 1848, observed several cases of specific zonal like- 
nesses among closely related tartrates. Laurent,® in 1842, and again in 
1845, had previously described certain other cases, notably naphthalene 
tetrachloride, CioHg . CI4, and chloronaphthalene tetrachloride, CiqH^CI. CI4, 
which crystallise respectively in the monoclinic and rhombic systems, yet 
exhibit a very similar prism zone, the angles of which were 109° 0' and 
109° 46' respectively. His work, however, was subjected to prolonged 

^ CompU rend., 1889, 108, 1046, and 109, 264. 

® BvU. Soc.fr. min., 1902, 25, 112. 

® From fikoptprii, “ form,” and rp^Tos, “ manner.” 

♦ Comptes rendus, 1848, 26, 636. 

® Ibid., 1842*, 16, 360 ; and 1846, 20, 367. 



OH. LV POLYMORPHISM, iSOQOmSM, (fc ENANTIOMOBPHISM 1267 

criticism, and was not accepted «t its real value until the observations of 
Pasteur brought confirmation. For together with real cases of morpho- 
tropy Laurent had introduced others of a very doubtful character, and 
coined terms to describe them such as “ heminiorjjhism ” and “ isomero- 
morphisin,” which were both very objectionable and misleading, and the 
former of which was already in use, as at present, as descriptive of a type 
of symmetry. ^ 

Real progress in the clear definition of i.sogonism wasl'ffected by P. von 
Groth in the year 1870, and the term ‘imorphotropy ” was introduced by 
him. He caretully measured the crystals of a considerable number of 
solid derivatives of benzene, and found that even although the crystal 
system is frequently different there is often a striking resemblance between 
one or more of the predominant zones. He began with benzene it-self, 
CgHg, which crystallises in the rhombic .system, with axial ratios n : 6 : c=» 
0*891 : 1 : 0*977. He then found that when one or two of the hydrogen 
atoms are replaced by hydroxyl, OH, grou}>a the .substances j)roduced, 
phenol CgHgOH and resorcinol 08114 ( 011 ) 2 , also form rhombic crystals, and 
in the latter case, for which alone the axial ratios could be determined, 
they proved to be similar as regards a : b but very different with respect to 
c:b, namely, a : b : c = 0*910 : 1 : 0*540. The three nitro-derivatives of 
phenol were then investigated, orthonitrophenol (' 0 H 4 , OH . NO 2 , dinitro- 
phenol CflHg. OH , (N02)2, and trinitrophenol ( 0 H 2 . OH . (N02)3, and all 
were found to form rhombic crystals having the respective axial ratios 
a:b: c=0*873 : 1 : 0*60, 0*933 : 1 : 0*753, and0*937 : I : 0*974. The value 
of a : b is thus again .somewhat similar to that for benzene, while the c : b 
ratio is different. Meta-dinitrobenzene ( 0 H 4 (N() 2)2 and trinitrobenzene 
08 H 3 (N 02)3 were also found to crystallise simihirly with closely related 
a : b ratios, the values of « : b : c being resj)cctively 0*943 : I : 0*538 and 
0*954 : 1 : 0*733. Chlorination was found to ])rodiice a gn'atcr effect, the 
replacement of a hydrogen atom by a chlorine atom being frequently 
sufficient to lower the .symmetry from rhombic to monoclinic ; yet even 
in the.sc cases the faces in the primary j)rism zone remained very similar, 
the variation in the angle (110) to (110) being only 5°, from 93° 45' to 
98° 51'. 

Groth ^ »t a later period has u.sed molecular volumes and topic axial 
ratios for his raorphotropic compari.sons in cases of more or less similar 
types of replacement, and draws special attention to the case of ammonium 
iodide NH 4 I and its substituted homologous alkyl radicle derivatives, tetra- 
raethyl, tetraethyl, and tetrapropyl ammonium iodide, N (CHg)^!, N(C 2 H 5 ) 4 l, 
and N(C 8 H 7 ) 4 l. Ammonium iodide crystalli.se.s in the cubic system, in 
cubes, and with the cube cleavage. The space-lattice is, therefore, that of 
the simple cube. The density of the crystals is 2 *501, the moleculaf weight 
is 143 *83, and the molecular volume V is, therefore, 57 *51 . From this the 
edge dimension of tho elementary cube cell of the space-lattice, that is, the 
topic axial value 3*860. Tetramethyl and tetraethyl 

ammonium iodides form tetragonal crystals. The former possesses perfect 
cleavage parallel to the rectangular prism {100} and basal plane {001} 
1 EinUiying in die chemische Krystaliogriphie, 1904, p. 31. 
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faces, the tetragonal equivalent of the cubic cleavage. It differs from the 
parent ammonium iodide in the different relative dimensions of the vertical 
c-aids as compared with the lateral axes a and h which remain equal, the 
difference being brought about by the enlargement of the two equal 
horizontal axes oa, the c-axis remaining unaltered by the replacement of 
the four hydrogen atoms by four methyl groups. The tetragonal crystals 
of tetraethyl ammonium iodide, however, do not show^the same cubo- 
tetragonal type of cleavage, but that the substance belongs to the same 
morphotropic series is shown by the regular accretion of molecular volume 
for the three substances, and also by the regular increase of the topic 
dimensions x and while co for the direction of the c-axis again shows but 
little change. The substitution of organic radicles more complicated than 
methyl CH3 and ethyl CgH^, however, propyl C3H7 for instance, upsets the 
eqtiilibrium of the system much more, a difference now becoming apparent 
between the two horizontal axial dimensions, and the c-axis becoming 
elongated ; the volume also becomes more considerably augmented than 
for the methyl and ethyl substitutions. The following table will render 
this clear : 


NHif. 

N(CH3),1. 


N(C«H7)4l. 

V = 57-6l 

108-70 

162-91 

236-95 

3-860 

6-319 

6-648 

6-093 

= 3-860 

6-319 

6-648 

7-851 

a>= 3-860 

3-842 

3-680 

1 

' 4-933 

1 


From these observations Groth concluded that the substitution of the 
CH3 and C2H5 groups for hydrogen in the crystal-structure of ammonium 
iodide occurs in one of the cube planes of the latter, which thereby takes up 
the character of a tetragonal basal plane. He imagined the iodine atoms 
as forming a cubic space-lattice, with a nitrogen atom at the centre of the 
cube, while the hydrogen atoms were situated between the iodine and 
nitrogen atoms in the four tetrahedra normals. The replacing carbon and 
hydrogen atoms would (until the alkyl radicle group became too heavy and 
complex) then all lie in the horizontal plane, and this would cause a tearing 
apart of the iodine atoms in the four horizontal directions. 

Vegard^ has recently ( 1917 ) carried out the X-ray analysis of these 
interesting compounds, and finds that Groth’s suppositions are not 
altogether substantiated by the facts of structure elucidated, the morpho- 
tropic relationship not being explained by substitution alone ; for the 
iodine and nitrogen lattices are not merely quite differently arranged, but 
the structure in the two cases contains a different number of elementary 
iodine and nitrogen lattices. The NH4I lattice is composed of 4 N, 16 H 
and 41 lattices or 4(NH4l), while N(CH3)4l has 2 N, 8C, 24 H and 21 lattices 
or 2[N(CH3)4l], that is, the structure is based on a unit of four molecules in 
ammonium iodide (or half a molecule in the small cube which is one-eighth 
of the large cube-cell) and two molecules only in the substituted iodide. 

1 Phil Mag., 1917, 33, 396. 
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Vegard finds the atoms to be arranged in face-centred-cube lattices, not 
in simple cubes, and the N and I lattices are relatively arranged like the 
sodium and chlorine in rock salt. The reflecting power of hydrogen is so 
small that certainty is difficult, but most probably the four atoms belonging 
to each molecule are situated at 
the corners of a tetrahedron with 
the N-atom in tl^e centre, the lines 
from the N-atoii\to any of the four 
H-atoms being parallel to one of 
the diagonals of the cubic lattice 
A photograph of a model is repro- 
duced in Fig. 870. 

The H lattice is, of course, the 
same in size as the lattices of I and 
N, and this necessitates that all the 
tetrahedra arc ))arallel, and tin* 
symmetry is hemihedral of class 31 
( hexakistet railed ral ) . 

The tetragonal structure of 
N(CH 3 ) 4 l is much more complicated. The corners of the tetragonal 
cell appear to be formed by I-atoms, and there is an N-atom at the centre 
of the cell, and vice versa an I-atom at the centre of each N cell. There 
is also, however, another I-atom on the vertical a.xis jiassing through 




FlO. 871. f'O- 872. 

structure of Tetraraetliyl Ainmonlura Iodide. 


the centre, at a definite distance from the N-atom. Also there is an 
N-atom on each vertical edge of the cell at a similar distance from the 
I-atom at the nearest corner-terminatitm of that edge. The arrange- 
ment will be seen ffom the two photographs of models, Figs. 871 and 
872, which also show the C-atoms arranged in groups of four at the comera 
of a tetragonal sphenoid (two of the four only belong to the structural unit 
shown, the two others belonging to the neighbouring one in each case). 
The H-atoms are |lso shown very small in th^ models, and they lie at the 
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corners and centres of alternate edges of* the same tetragonal cell as that 
on which the C-atoms lie, in the middle of the other alternate edges. The 
somewhat startling result is afforded, however, that although within the 
volume equal to that of the elementary cell of the lattice of N(CH 3 ) 4 l there 
are only two molecules, whereas the lattice cell of NH 4 I contains four 
molecules, yet one molecule of the former is found to occupy approximately 
the same space as two molecules of the latter, the abso^ite height of the 
tetragonal prism of the former being very nearly the same as that of the 
cube of the latter, as indicated also by the topic axial ratios. Thus the 
topic axial ratios for ammonium iodide NH4I and its methyl-substituted 
compound N(CH 3 ) 4 l are very similar, and yet the molecules are arranged 
in quite different lattices. Vegard therefore concludes that the morpho- 
tropic relations supposed to exist by Groth between NH4I and N(CH 8 ) 4 l 
have no existence, and that the topic axes of morphotropic bodies are not 
strictly com))arable. The topic axes of isomorphous substances only are 
strictly comparable. 

Groth ^ has more recently pointed out morphotropic resemblances, as 
indicated by more or less regular changes in the topic axial ratios, between 
certain organic compounds of cyclic constitution, namely, the imides of 
succinic acid, of dimethyl succinic acid and of tetramethylsuccinic acid. 
He regards this as another case of morphotropic regularities due to a 
regular type of chemical replacement. 

A case which appears to be intermediate between one of morphotropy 
and one of isomorphism was described by the autlior ^ in the year 1890. 
It was a homologous series of organic substances differing by CH 2 , the 
methyl CHg, ethyl CgHg, and propyl C3H7 derivatives of triplienylpyr- 
rholone. The case is somewhat complicated by polymorphism, for each 
member is dimorphous, and indeed one of them and possibly all three 
trimorphous, only two forms, however, being readily prc]>ared. That 
these varieties are polymorphous forms and not isomers was proved by 
the direct manner in which one variety can be obtained from the other by 
merely altering the conditions (especially temperature) of crystallisation 
from the same solvent. 

Methyl triphenylpyrrholone, (CgHglgC - CH, crystallises in trig- 
onal rhombohedra and in triclinic I II prisms, a crystal 

of the former having been shown ('0 O'CgHj in Fig. 398 on page 

603, and one of the latter in \/ Fig. 47 on page 98, 

and its forms and elements given N -CHg as an example of a 

triclinic crystal of class 2 on page 278. The ethyl compound (in which the 
CHj at the bottom of the above formula is replaced by C 2 H 5 ) crystallises in 
similar and apparently isomorphous triclinic prisms, exactly like Fig. 47, 
and also’in monoclinic crystals of the type already shown in Fig. 772 on 
page 1063 and reproduced at {a) in Fig. 873. A rhombic form of the ethyl 
compound was also once produced, but lost on attempting to recrystallise, 
the conditions for its formation not having been ascertained. The propyl 
compound (CgH^ replacing the CHg) crystallises also in monoclinic crystals 
isomorphous to all appearance with those of the ethyl compound, a typical 
^ ZtiUchu filr Krysi , 1915 , 5 ^! 498 , » Jmirn. Chern. 1890 , 67, 714 . 
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crystal being represented at (6)*in Fig. 873. Propyl triphenylpyrrholone 
also assumes the form of rhombic crystals, like those once obtained of 
the ethyl compound. 

That the close similarity of the triclinic forms of the methyl and ethyl 
triphenylpyrrholones, and of the monoclinic forms of the ethyl and propyl 
compounds, is not to be distinguished from true isomorphism is shown by 
the fact that tl^ angular differences are of the same small order as the 
author has shown to be characteristic of isomorphous compounds crystal- 
lising in the lower systems of symmet^j' ; the angular differences between 
the monoclinic forms of the ethyl and propyl triphenylpyrrholones were 
smaller than those between the triclinic forms of the methyl and ethyl 
compounds, the differences thus diminishing as the symmetry becomes 
higher, a principle which has already (page 1231) been shown to be generally 
observed. The average and maximum differences between the triclinic 
substances are 2° 19' and 4° 34', and those between the monoclinic 
substances are 1° 53' and 3° 42'. The number of different angles 
compared was 23 in the former case and 22 in the latter. 




Fio. 873.— Mouocllnlc Forms of Ethyl and Propyl Triphenylpyrrholone. 


The monoclinic ethyl and propyl compounds are also remarkably 
similar optically, a point whi(;h is emphasised by the very unusually 
large amount of dis})ersion of the optic axes which is exhi])ited by both. 
In the case of the ethyl compound it is so large that the phenomenon of 
crossed-axial- plane dispersion is shown, which has been described in Chapter 
XLIX. and illustrated in Fig. 773. The optic axial interference figure 
in convergent polarised white light is an exceptionally beautiful one 
(/ in Fig. 773), very similar to that given by brookite (rhombic TiOg) 
without the drawback of the deep red colour of the crystals of brookite, 
those of ethyl triphenylpyrrholone being almost perfectly colourless 
(very faint yellow). The optic axes as seen in air are separated 32 30 
in a plane perpendicular to the symmetry plane for red lithium light 
(a in Fig. 773), and in the symmetry plane itself 21® 50' for green*thallium 
light {d in Fig. 773), a total dispersion within these wave-lengths of 54° 20'. 
For light of the wave-length 0-000575 mm. in the greenish-yellow the 
uniaxial figure of circular rings and a rectangular cross is exhibited {c 
in Fig. 773). The propyl compound shows 11° of dispersion of the optic 
axes within the same limits of wave-length, in one and the same plane. 
This large dispersion, resulting in great sensitiveness to change of wave- 
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length in the illuminating light, is due ta the very low double refraction 
which both compounds possess, that of the ethyl compound being so 
excessively small as to render the sensitiveness extreme, resulting in 
the crossing of the optic axial planes and the passing through the stage 
of apparent uniaxiality, in accordance with the principles fully explained 
in Chapter XLIX. 

Enantiomorphism. — It was shown in Chapter IX. (pages 131 to 133) 
that those substances which crystallise in forms belonging to the eleven 
crystal classes which possess no {Janes of symmetry, either simple or 
alternating, develop two varieties of crystals, which are complementary 
to each other as an object is to its mirror-image, or as a right-hand 
glove is to its left-hand feUow. Such pairs of complementary crystals are 
termed “enantiomorphous,” from ivavrlosj ‘'that which is over against, 
opposite,” and “ sha{)e,” the shapes or crystal forms being of 

opposite character. Moreover, many (those which possess a screw 
structure) of these substances exhibit optical activity, that is, the property 
of rotating the plane of polarisation of polarised light, one variety rotating 
it to the right, hence called the right-handed or dextro variety, and the 
other kind rotating it to the left and therefore termed left-handed or the 
IflBvo variety. Optically active substances invariably belong to one or other 
of the eleven classes of crystal symmetry in question, and therefore exhibit 
enantiomorphism. The classes referred to are the following : The asym- 
metric class 1 of the triclinic system, the sphenoidal class 4 of the 
monoclinic system, the bisphenoidal class 6 of the rhombic system, the 
pyramidal classes 16, 9, and 23 of the trigonal, tetragonal, and hexagonal 
systems, the trapezohedral classes 18, 11, and 24 of the same three re- 
spective systems, and the tetrahedral-pentagonal-dodecahedral and penta- 
gonal-icositetrahedral classes 28 and 29 of the cubic system. But as there 
are point systems conforming to one or other of these eleven classes yet 
which do not possess screw axes (which appear to be the cause of the 
ability to rotate the plane of polarisation of light waves), there are some 
substances crystallising in one or other of these classes which are not 
optically active ; barium nitrate, Ba(N 03 ) 2 , is an example, crystallising 
in the cubic class 28 as illustrated in Fig. 130 on page 169. The optical 
activity being due to the presence of a helical structure, or (otherwise 
expressed) to a structure exhibiting the possibility of screw coincidence 
movements, and screws being of two varieties, right-handed and left- 
handed, the optical activity, like the enantiomorphism of the crystals, 
may be either left-handed or right-handed likewise, and the same substance 
may, and usually does, develop both varieties, like quartz or tartaric acid, 
for instance. 

Any aubstance, therefore, which exhibits right- or left-handed rotary 
power over the plane of polarisation of light is invariably found, if it be 
capable of crystallisation, to produce two varieties of erystals, one variety 
being the mirror-image counterpart of the other, and each variety being 
responsible for one kind of optical rotation. In many cases not only 
are the crystals optically active, but also their solution in a solvent, 
wrhich indicates that the chemical molecules themselves are enantio- 
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morphous. Sometimes, howe\ier, the optical activity is destroyed by 
the act of solution, in which cases it is clear that the crystal structure 
only is enantiomorphous and not the chemical molecules of the substance. 
Sodium chlorate NaClOs is a case of this kind, belonging, like barium 
nitrate, to class 28 of the cubic system. 

The dextro and laavo varieties of the substance are thus distinguished 
by their right- or left-handed enantiomorphous crystal structure. They 
are alike in their physical properties, such as dens/ty, melting point, 
thermal expansion, elasticity, refractive indices, optic axial angle, and 
cleavage. The crystal angles are identical as regards all those forms 
(using “ form ” in its strict sense, to include faces of equal symmetry 
value) which the low class of symmetry possesses in common with the 
holohedral class of the same system. The crystallographic difference 
becomes apparent with respect to those other forms which are peculiar 
to and characteristic of the specific low class, and which comprise a 
half or a quarter of the faces only of the holohedral forms, and were 
therefore formerly called hernihedral or tetartohedral. For the two 
or four complejuentary forms of any such pairs or sets together making 
up the holohedral form are never developed in common by the two 
varieties, the right or positive form being present on and characteristic 
of one optical variety, and the complementary left or negative form> 
being characteristic of the other. It frequently happens, however, that 
a particular crop of crystals of an enantiomorphous substance shows 
only the main primary holohedral forms common to both the holohedral 
class and the lower symmetry class, and no trace of the particular class 
forms. In such cases the enantiomorphous character is revealed by 
(1) the optical activity of the crystals or their solutions (this fails in the 
cases like barium nitrate) ; (2) the etch-figures afforded by a trace of a 
solvent, the lack of holohedral symmetry being usually clearly revealed 
by the nature of the figures ; or (3) the pyro-electric properties developed 
on warming a crystal and allowing it to cool, the right-handed variety 
developing opposite electric polarity to the left-handed variety, as revealed 
by dusting with Kundt’s powder (sulphur and red lead), the sulphur going 
to the positively electrified parts and the red lead attaching itself to the 
negative parts (see Figs. 916-920 in Chapter LIX. on the Electrical Pro- 
perties of Crystals). It will be obvious, therefore, that no crystallographic 
investigation of a new substance can be considered complete, or anything 
like adequate, which deals only with a single crop of crystals ; the ex- 
amination of a considerable number of crops is essential, and, in the case 
of an enantiomorphous substance, will usually eventually reveal crystals 
exhibiting the faces of the distinguishing right or left forms. Moreover, 
when, as not infrequently happens, certain crystals show both' comple- 
mentary forms of a particular pair, there are usually striking differences 
in the reflecting power of the faces of the two, those of one form being 
brilliant and affording excellent signal reflections, while those of the other 
are dull, curved, or rough. 

Enantiomorphism and Optical Activity. — The connection between 
optical activity and enantiomorphism of ’crystalline form was first 
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discovered by Pasteur ^ in the year 1848, as the result of his investigation 
of tartaric acid. This well-known substance, C 4 Hg 0 g, possesses the 
constitution CHOH . COOH It was isolated in 1769 by Scheele, as the 

I 

CHOH . COOH. 

result of the first research of that distinguished chemist. In 1826 Gay 
Lussac investigated a very similar substance which ha^ been found in 
grape juice at Thftnn in Alsace. His results, however, were indecisive, 
as were also those of Gmelin, who examined the substance in 1829, and 
who gave it the distinctive name Traubensaure, acid of grapes. Later, 
Berzelius tackled it, and wont so far as to prove that its empirical formula 
was certainly C 4 HgOg, like that of tartaric acid, but that it differed in 
essential properties from Scheele’s tartaric acid Biot next studied its 
optical properties, and showed that whereas Scheele’s tartaric acid is 
optically active, rotating the plane of polarisation to the right, this new 
substance, which has since been known in this country and France as 
racemic acid, is without action on polarised light. Both the solid crystals 
of Scheele’s tartaric acid and their aqueous solution rotate the plane of 
polarisation to the right, in the case of the crystals (as determined many 
years afterwards by Dufet) to the extent of 11 ’4° for sodium light and a 
•plate one millimetre thick (see page 1111 ). 

Pasteur'S discovery in 1848 was a great advance, for he showed that a 
new principle was involved, that of physical isomerism, and that racemic 
acid is a molecular compound of two physical isomers, one, the dextro 
variety, being Scheele’s tartaric acid, and the other being an exactly 
complementary lajvo variety, which he succeeded in isolating. Ordinary 
well-known chemical isomerism occurs, as already stated, when two 
substances expressed by the same empirical chemical formula possess a 
totally different chemical constitution and properties, such as, for instance, 
normal propyl chloride CH 3 . CH 2 . OHgCl and isopropyl chloride 
CH 3 . CHCl . CH 3 , both of which have the empirical formula C 3 H 7 CI. 
Physical isomerism, however, occurs when the constitution as well as the 
empirical composition is the same, but the atoms or groups of atoms are 
differently disposed in space. It has now been established, largely by the 
stereometric work of Van ’t Hoff and Le Bel, that the optical activity of 
carbon compounds is frequently connected with (although the condition is 
not essential, as will subsequently be proved) the possession of a so-called 
“ asymmetric ” carbon atom, that is, an atom of carbon saturated as 
regards its four valency “ bonds ” by being connected with four quite 
dijBferent elements or groups. Tartaric acid possesses two such asymmetric 
carbon atoms, namely, those in the two CHOH groups; for each is connected 
by one bdnd with a hydrogen H atom, by another bond with the oxygen 
atom of a hydroxyl OH group, by a third bond with the carbon atom of a 
COOH group, and by its fourth bond with the other asymmetric carbon atom 
and thereby with the whole other half-molecule, CHOH . COOH. Now the 
groups of atoms in one half-molecule may be either symmetrically arranged 
with respect to those of the other semi-molecule, or they may be differently 
' Ann de Chm. et Phya., 1848, 2i, 28 and 884 
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disposed. If they are symmeiffical the whole molecule will be optically 
inactive, but if they are unsymmetrical they may be so in either a right- 
handed or a left-handed manner, the two arrangements being related 
to each other as an object and its image in a mirror. This is the explana- 
tion of the two optically active varieties of tartaric acid, and racemic 
acid consists of a molecular compound, more or less loose, of equivalent 
molecular proportions of these two varieties, the one exactly neutralising 
the other as regards optical activity. The molecules of each variety 
being enantiomorphous, their solutions are optically active ; and in 
building up crystals the homogeneous structures produced naturally 
possess a helical nature, so that the crystals also are optically active. 
Moreover, to complete the proof, Pasteur ^ discovered a fourth modification 
of tartaric acid, which is not only optically inactive like racemic acid, but, 
unlike the latter, cannot under any circumstances whatever be s])lit up 
into right- and left-handed components. Other workers have since shown 
that there are even three varieties of this truly inactive modification of 
tartaric acid, as there are three ways in which the symmetrical internal 
arrangement can occur within the chemical molecule ; this is termed 
internal compensation, racemic acid being a case of external compensation, 
that is, external to the molecule. 

The facts are best stated as follows : If the compound (molecule) has no 
axis of symmetry of the second order (see page 602), and no symmetry plane, 
nor a centre of symmetry, we may obtain two enantiomorphous varieties or 
isomerides. That is, if the stereometrical configuration of the atoms in 
the molecule i)os8essc8 only first order axial symmetry, the substance 
is resolvable into two enantiomorphous components. But if a second 
order symmetry property be found, the compound will not be capable of 
such resolution, even although several asymmetric carbon atoms COOH 
be present. Such a case is me.so-tartaric acid, Pasteur’s foprth, | 
inactive, variety of tartaric acid, which has the two starred *CHOH 
asymmetric carbon atoms, and in which one half of the molecule | 
is the mirror-image of the other half, the compound thus possess- *CHOH 
ing a })lane of symmetry, a second order symmetry element. | 

Thus no enantiomorphism of stereometrical arrangement can COOH, 
ever occur, and be represented in the actual solid by two crystalline 
varieties or complementary antipodes, when the configuration of atoms 
as a whole shows any symmetry element of the second order. 

liacemic acid, the resolvable apparently inactive tartaric acid, can be 
readily obtained by simply crystallising from a mixed aqueous solution 
of equivalent molecular quantities of dextro and Isevo tartaric acids. 
Pasteur showed that on mixing the two equivalent solutions heat is 
evolved, a sure sign of chemical combination, even if only molecular. 
In this external compensation the two kinds of enantiomorphous molecules 
are regularly distributed throughout the crystal structure, which is that 
of the new double molecule as an entity, and the resultant crystals con- 
sequently are quite different from the monoclinic optically active tartaric 

^ Arnn, de Chiw. et Phys., 18.50, 28, 56; Comptes rendus, 185.‘1, 37, 162. and 1858. 
46, 615. , * 
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acids, and indeed are not anhydrous lik^ the* latter, but include a mole- 
cule of water of crystallisation; racemic acid, C 4 He 06 . HjO, forms triclinic 
crystals of the pinakoidal class 2, of specific gravity 1 *788, that of the two 
monoclinio optically active tartaric acids being 1 *759. Once put together 
to form racemic acid as just described, the two optically active varieties 
cannot be directly recovered. But if the acid be neutralised partly by 
soda and partly by ammonia, by adding ammonium hydrate to a solution 
of the readily obfainable hydrogen sodium racemate, the salt sodium 
ammonium racemate CHOH . COONa is obtained on crystallisation, and 

OHOH . COONH 4 

Pasteur obtained a number of crops in which all the crystals were 
hemimorphic, some crystals being right-handed and others left-handed. 
On collecting a number of each kind separately, and recrystallising them 
apart, the right- or left-handed character and similar handed optical 
activity were found to be retained, and on converting them into the very 
slightly soluble lead salts by the addition of a soluble lead salt, and then 
decomposing the two precipitated lead salts with sulphuretted hydrogen, 
ordinary dextro tartaric acid was obtained from the one and the Iffivo 
acid from the other; indeed, this was the method by which Pasteur 
first isolated laovo tartaric acid. Also, on momentarily touching a 
metastable solution of ammonium sodium racemate (saturated at 28® C. 
and allowed to cool to the ordinary temperature) with a crystal of either 
the right- or the left-handed salt, the crop of crystals obtained consisted 
entirely of that variety, so long as any of that kind remained in solution, 
after which the other salt began to be deposited. 

It has been shown on page 266 that ordinary dextro and leevo tartaric 
acids crystallise in the sphenoidal class 4 of the monoclinic system (mono- 
clinic-hemimorphic), and two typical crystals are illustrated in Figs. 
211 and 212 on page 266. It will be immediately recognised that the 
two forms are related as mirror-images. Some of the principal (primary) 
crystal angles of the two kinds are identical, but owing to the absence 
of the symmetry plane in this class 4 the crystals of the two varieties are 
complementarily hemimorphic as regards the faces at the two ends of 
the remaining digonal axis 6, the 4-faced clino-prism [011} of the holo- 
hedral class being divided into two 2-faced forms, the right clino-prism 
{011} and the left clino-prism {Oil}, and the former is characteristic of 
dextro tartaric acid and the latter of the Isevo acid. 

Pasteur’s Law, as the principle discovered by him has come to be 
termed, may be stated more or less as originally propounded by him as 
follows : (a) If the atoms of a chemical molecule be “ dissymmetrically ” 
arranged,* this molecular “dissymmetry” implies the possibility of the 
existence of two oppositely complementary configurations of the molecule. 
Both varieties have the same chemical properties, and they are endowed 
always with equal but oppositely directed rotatory power. The presence 
of molecular dissymmetry therefore reveals itself by this rotatory power 
of the molecules and is wholly determined by their chemical constitution. 
(h) When the atoms of a cheiAical molecule are dissymraejrically arranged, 
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the fact is at the same time* betrayed by the occurrence of the two 
varieties in complementary non-superposable crystalline forms, possessing 
screw axes of opposite winding. 

The stereometric work of Van *t Hoff and Le Bel consisted chiefly 
in showing that a molecule is “ dissjrmmetrical ” when the dominating 
carbon atom, the four valencies of which can be stereometrically repre- 
sented as situated at the four corners of a tetrahedron, has its four 
valencies asymmetrically satisfied, that is, by four different atoms or 
radicle groups. # 

In this research Pasteur made a further very fruitful observation, 
namely, that when the spores of a ferment, Penicillium glaucum, are added 
to a solution of racemic acid containing traces of phosphates (which appear 
necessary to the life of the organism), the organism eats up and destroys 
the dextro component of the molecular compound, the Isevo component 
being unattacked so long as any dextro is left. If, therefore, the fermenta- 
tion be stopped at the proper time the solution will contain only the Isevo 
component, which can be crystallised out practically pure. 

The crystals of dextro and Isbvo tartaric acid exhibit very clearly the 
pyro-electric properties of enantiomorphous crystal varieties, the two ends 
of the digonal axis h behaving oppositely when the crystals are warmed and 
allowed to cool ; if they are tested during the cooling process by being 
sprinkled with Kundt’s powder (S and Pb 304 ) from a muslin bag, the end 
on which the clino-dome faces are present will show the development of 
positive electrical excitation, the negatively electrified yellow sulphur 
particles adhering to it, while the other end, developing negative excita- 
tion, will be found to have attracted the red lead. These facts are illus- 
trated in Fig. 918 in Chapter LIX. 

Racemism and Pseudo-Racemism. — The phenomenon of the molecular 
combination of two enantiomorphous varieties of a substance (physical 
isomers), first met with in tartaric acid, has since been observed with 
respect to the physical isomers of many other substances, and has come to 
be termed “ racemism.” The use of ferments in a similar manner to that 
made of them by Pasteur has also become very common, and almost 
general, for the isolation of one of the two separable varieties, as the 
ferment invariably shows a preference for, and a greater ability to destroy 
and assimilate, one variety rather than the other. Racemic substances 
always crystallise differently to the optically active components, because 
in the former the latter are chemically combined, although the affinity may 
be one of the lesser degree known as “molecular combination.” The 
resulting substance acts in any case as a new and quite different entity, 
which builds up a different crystal structure. There may occasionally be 
morphotropic (isogonal) resemblances along one or more zones, but there 
can be no general similarity. 

Benzilidene camphor, C 10 H 4 O . CH . CgHj, affords a particularly clear 
case of the difference between the racemic and optically active forms. The 
racemic molecular compound of the two active forms, obtained by the 
evaporation of a solution of equal molecular quantities of the dextro and 
leevo active varieties, forms monoclinic priamatic crystals which melt 
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at 73®. The two active varieties crystallise separately in rhombic bi- 
sphenoidal crystals, class 6, which do not melt until 98®, and are obviously 
utterly different from the monoclinic racemic crystals. 

A very curious and interesting phenomenon, which is akin to that of 
pseudo-symmetry referred to on page 1263, is frequently observed owing to 
the repeated microscopic or even sub-microscopic twinning of a pair of 
enantiomorphous physical isomers, and is known as “ pseudo-racemism.” 
The result of such exceedingly fine lamellar twinning is the* production of a 
crystal which is apparently holohedral, showing both enantiomorphous 
forms, that is, the development of both sets of distinctive hemimorphic 
forms. Microscopically thin layers of the right- and left-handed varieties are 
alternated, just as in the case of amethystine quartz, which forms a gross 
but excellent illustration ; right- and left-handed quartz are repeatedly 
alternated in layers visible to the naked eye, in the purple sectors (Fig. 
413 on Plate III., facing page 610). These alternate layers are exquisitely 
revealed in polarised light by their different and very brilliant colours, 
as described on pages 509 and 610, and illustrated in Figs. 414 and 
415 on Plate III., and Fig. 416 on page 610. In consequence the 
crystal structure simulates a higher symmetry than the individual 
laminae possess, as is so commonly the result of laminated twinning. A 
number of pseudo-racemic organic substances have been described by 
Kipping and Pope.^ They define a pseudo-racemic substance as “an 
intercalation of an equal, or apjiroximately equal, proportion of two 
enantioraorphously related components, each of which preserves its 
characteristic typo of crystalline structure, but is so intercalated with the 
other as to form a crystalline individual of non-homogeneous structure. A 
solid racemic compound, on the other hand, may be defined as a crystalline 
substance of homogeneous structure which contains an equal proportion of 
two enantiomorphously related isomerides. ... An inactive externally 
compensated substance, which closely resembles its active isomerides 
crystallographically, is to be considered as pseudo-racemic, whereas when 
the contrary is true it is to be regarded as racemic.” 

inHisOa, forms a good example of a pseudo-racemic sub- 
stance. The crystals of the 
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PiQ. 874. 

Crystal ol Bextro-sobrerol. 


various varieties were in- 
vestigated by Miers and 
Pope. 2 The two optically 
active varieties form mono- 
clinic sphenoidal crystals, 

Fig 875 ^ representative 

Crystal of Inactive Sobrerol. specimen of which is shown 
• in Fig. 874. The crystals 

are very soft, being readily bent. The basal plane c|001} is a plane of 
gliding. When an alcoholic solution of equal molecular proportions of 
the two is allowed to crystallise rhombic pseudo-racemic crystals are 
formed, one of which is shown in Fig. 875. The ratio of the axes and the 
optical properties of this rhombic form are nearly identical with those of 
‘ Joum. Chem. Soc., 1897 , 71, 989 . * Zeitachr, fiir Kryst., 1892 , 20, 321 . 
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the two acti^fe components. The specific gravity of all three is identical, 
but the melting point of the rhombic pseudo-racemic crystals is different 
from that of the two active varieties, for the reason that on heating a 
truly racemic form is produced. 

The Essential Condition for Existence of Optical Antipodes.--The most 
recent researches, especially those of F. M. Jaeger,^ lead to the conclusion 
that the unique and all-sufficing condition for the jtroduction of optical 
isomerism, the possibility of the existence of two optical antipodes, is that 
the molecule does not possess an axi^ of the second order. A figure can 
only differ from its image when it possesses as its elements of symmetry 
only simple axes of rotation. Neither the absence of a plane of symmetry 
nor that of a centre of symmetry suffices for the production of a case of 
optical isomerism ; there must also be the absence of an axis of the second 
order. For as soon as such a second order axis is present, the configuration 
becomes such as should be identical with its own image, and therefore 
enantiomorphism cannot occur. Hence the only indis})ensable condition 
for the existence of optical antipodes is that the elements of symmetry 
present shall be those of the first order only, ordinary digonal, trigonal, 
tetragonal, or hexagonal rotation axes. The presence of an asymmetric 
carbon atom, or even of several such atoms, is in itself inadequate, and it 
will be shown directly that substances are known having such atoms and 
yet not being resolvable into enantiomorphs. Axes of the second order, it 
will be remembered (see page 602 ), are such that a rotation around them 
for their characteristic angle is always and inseparably accompanied by, 
and combined with, a reflection of the figure in its new position in the 
imaginary mirror, of which the plane is imagined to be perpendicular to 
the axis. By the movement of the figure around such an axis, and the 
reflection, it is always transformed into its image or inverted. 

As an illustration Jaeger quotes the cases of two organic compounds 
possessing several asymmetric carbon atoms but neither a plane nor a centre 
of symmetry, and yet which arc identical with their images on account of 
the possession of second order axes, and therefore are not resolvable into 
antipodes, but, on the contrary, are identical with their own images. The 
first is a derivative of tetramethyl-methane, in which two of the hydrogen 
atoms of each group are replaced by radicles X and Y in such a manner that 
the two upper groups CHXY are congruent, and at the same time are the 
non-superposable images of the two lower groups CHYX. Although this 
compound contains four asymmetric carbon atoms in its molecule, it is 
nevertheless identical with its image, because it possesses a tetragonal axis 
of the second order, although it has neither plane nor centre of symmetry. 
The other case is a derivative of tetramethylene, which likewise has neither 
plane nor centre of symmetry, but has a tetragonal axis of the second order 
perpendicular to the plane of the ring. It is therefore un resolvable, 
although it possesses no less than eight asymmetric carbon atoms. 

Moreover, it would appear to have now been proved that it is possible 
to have a substance resolvable into optical isomers although no asymmetric 
carbon atom be present at all. Such a substance, for instance, is inosite, 
^ Re^ueil des Trav. Chim. des Paya-Bbs, 1919, 38, 171. 
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described by Macquenne ^ aad by Tanret,* th^ molecule of 
which- possesses only axial symmetry, having a digonal axis of the first 
order. There are thus two possible arrangements of the atoms in the 
molecule, non-superposable images of each other, and therefore dextro 
and IflBvo optical antipodes are possible and have been isolated, although 
there are no asymmetric carbon atoms. Similar cases of very compli- 
cated organic compounds have also been described, and the two varieties 
separated, by Pope and Perkin,® and by Mills and Bain.** 

It has to be remembered that* the exhibition of optical activity in 
solution is a much simpler phenomenon than its display in the crystals. 
The structure of the latter depends on many other influences besides 
molecular structure, whereas the exhibition of optical activity in solution 
is directly due to the molecules themselves. Hence many cases of the 
latter occur, while the crystals of the same substances show no sign of 
enantiomorphism and optical activity, and these cases include some in 
which the molecules possess no asymmetric carbon atoms but exhibit 
optical activity in two antipodes by virtue of their being non-superposable 
with their images. 

Some remarkable cases of optical activity, however, in both crystals 
and solution, have recently been brought to light by Werner,® in the course 
of the development of his “ co-ordination ” method of regarding chemical 
constitution, and by Jaeger,® who has followed the subject up with great 
industry. The substances, moreover, are of an entirely new type. In his 
researches on the complex compounds of trivalent metals Werner found 
that the salts with complex “ ions ” of the type {M . X3"}, in which M is a 
trivalent metal and X is a dibasic acid radicle or a molecular residue of a 
strong divalent pseudo-base, could be separated into two optical antipodes. 
The essence of the case is that we have three identical radicles grouped in 
space around a trivalent metallic atom, in such a manner that the con- 
figuration of the molecule is not superposably identical with its own mirror- 
image. That is, configuration of the molecule is here alone concerned, no 
asymmetry of any elementary atom, in the sense understood by Van ’t Hoff 
and Le Bel, entering at all into the matter. Indeed, the atoms of the 
metals in question, chromium, cobalt, iridium, and rhodium, possess a 
relatively highly symmetrical structure, as we know from the results of 
recent researches on atomic structure, there being nothing indicative of 
asymmetry so marked as to be capable of producing the extraordinary 
optical properties in two complementary varieties observed in their 
derivatives ; and it is solely because of the absence- of any second order 
symmetry element that these compounds differ from their images, just 
as in the case of the inosites. They may strictly be called “ dissym- 
metrical molecules . ’ ’ 

Instead of the six ammonium radicles which are present in the com- 
plicated ammonium compounds of these metals, chromium, cobalt, iridium, 
and rhodium, with which Werner had been working, it was found possible 

1 Ann. Chim. Phys., 1893, 29, 271. » Compt. rend., 1899, 109, 908. 

» Jaum. Ghem. 80 c., 1910, 99, 1610. * Ibid., 1910, 97, 1866. 

® Ber. der DevUch. Ghem. Qes., 1909, 42, 981. 

® TH Prifuipka of Symmetry (Amsterdam), 1917, and loc. ct<. 



jruuiMVJtmim.flSOGONISMy EtT^NTlOMORPRISM 19^1 


to substitute three molecular groups of a divalent pseudo-base such as 
ethylene diamine, C2H4(NH2)2 or HaN . CHa . CHg . NH^, which for short may 
be written “ Eine.” Or we may substitute for the six radicles of a mono- 
basic acid, in the salt formed by any one of these metals with the acid, 
three radicles of a dibasic acid such as oxalic, COOH , COOH, or malonic, 
COOH . CHa . COOH. The new ionic compound of metal and base or acid 
radicle is then found capable of combining with the halogen radicle of a 
halogen acid, olt the acid radicle of nitric, sulphocyanic, perchloric, or 
sulphuric acid ; and also it may function as an “ ion ” of opposite character 
and combine with the strongly basic alkali metal potassium. The result 
is the formation of a series of compounds of which two, say of the metal 
rhodium, may serve as the type, namely, Kh(Eine)3R3 and Rh(C204)3K8. 
A space model represented in Fig. 876 will exhibit the antipodic nature of 
the two varieties possible most clearly. 

It is supposed to represent a central atom of the trivalent metal, 



surrounded by the six places of ordinary co-ordination, represented in 
space by the corners of a regular octahedron of which the atom forms the 
centre. The configuration obviously exhibits the symmetry of quartz, 
there being a bipolar trigonal axis and three digonal axes in a plane perpen- 
dicular thereto, no other symmetry elements being present than these axes 
of simple rotation. The atomic complex is consequently non-superposable 
with its image and the two varieties are truly different enantiomorphs. 
No question of the asymmetry of any atom, metallic or other, enters into 

the case. x v, • i. 

Jaeger has investigated a large number of salts of this type, 

such as Co(Eine)3Br3, Rh(Eine)3l3, Ir(C204")3K3, Rh(C3H204)jK3, and 
Co(Bine)3(N03)3 ; also some of mixed type, such as O{C204)(Eme)2Br. 

In many of the# cases the fission of the two optical antipodes has 
succeeded perfectly, both as regards the solutions and the enantiomorphous 
crystals. In others, although there is ample evidence of crystallographic 
enantiomorphism from the physical properties, the two varieties of crystals 
have not been definitely geometrically demqjistrable, owing to the faces 

vnr TT • 2 m 
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exhibited having only been the holohedral ones common to both the 
enantiomorphous and holohedral classes of symmetry of the system 
developed, a very common difficulty, and which may at any moment be 
bvercome by finding the essential lower-class faces developed on a new 
crop of crystals. So many cases have been found of such faces on certain 
of the salts that there can be no doubt whatever as to the truth of the 
principle they support. 

The salts of the type Co(Eine)8R3 are reddish-brown, the corre- 
sponding ones of rhodium are colourless, and those of chromium orange ; 
Co(C 204)8K8 is emerald green in colour, while the corresponding compound 
of iridium is orange. • 

The degree of optical activity surpasses that of all hitherto known 
organic substances, in solution, amounting in one case to ten times the 
rotation of cane sugar. Moreover, the dispersion of the rotation for 
difierent wave-lengths of light is so great that most curious phenomena, 
very difficult to unravel, are presented. 

All of these substances form racemic molecular compounds of the two 
enantiomorphous varieties, and it has been by the resolution of these 
racemic substances that the two optical antipodes have in most cases 
been isolated. The forms of the racemic compounds are, as usual, totally 
different, and often contain water of crystallisation. Many of the optical 
antipodes also contain water of crystallisation, but it is different in 
amount to that contained by the racemic substance. 

The molecular rotation Mj) for sodium light of a few of these substances 
may now be given. Under the same circumstances the rotation Md of 
cane sugar is 280 ®, which will afford a good means of comparison of the 
optical activity of these extraordinary substances with ordinary rotations. 


Cobalti-ozalo-diethylene-diamine bromide . 

■ ’ 

2626“ 

Chromi-oxalo-diethylene-diamine bromide . 

■ 

1100 

Cobalti-triethylene-diamine iodide 

. ;Co(Eine)a|Ij 

1072 

Cobalti’triethylene-diamine thiocyanate 

. lCo(Eine)al(SCN)8 

781 

Chromi-triethylene-diamine iodide 

• {Cr{Eine)8ll8 

378 

Bhodi-tiiethylene-diamine iodide 

, {Rh(Eine)3}l3 

329 


But the most remarkable salt of all, the subject of the latest memoir 
of Jaeger,^ is the racemic cobalti-trioxalate of potassium, K3{Co(C204)8} . 

belonging to a series previously described of racemic salts of 
chromium, rhodium, and iridium. The series is not an isomorphous one, 
as the amounts of water of crystallisation contained in the different 
members differ. But they are each and all separable by spontaneous 
fission into two enantiomorphous varieties, the crystal system and class 
of which pair are different from those of the raceihic compound itself, 
as is usual. 

Potassium cobalti-trioxalate is prepared by heating on a water-bath 
* Kon. Akad, van WtUnach.^ Amsterdam, 1918, 2U No. 6. 
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with continuous stirring a mixtitre of 26 grammes cobalt carbonate, 260 
grammes of a saturated solution of potassium oxalate, and 230 c.c. of a 
saturated solution of oxalic acid. After cooling to 40® C. 30 grammes of 
peroxide of lead PbOg, and a little later 60 c.c. of a 60 per cent, solution 
of acetic acid are added. The filtered liquid is precipitated with alcohol, 
and the green precipitate of potassium cobalti-trioxalate separated and 
washed with alcqhol. All these operations require to be carried out in 
a dark room, as the substance is rapidly attacked by fight. The salt is 
next purified by converting it into the strychnine salt, by adding strychnine 
sulphate to a solution of the salt, and subsequently decomposing the 
strychnine salt with potassium iodide ; the filtrate from the strychnine 
iodide yields, on precipitation with alcohol, a very pure preparation of 
racemic potassium cobalti-trioxalate, [ 00 ( 0204 ) 3 } . 3 ^ 120 . 

Saturated solutions of this pure precipitate, when evaporated in the 
dark at a temperature only just above 0® 0., deposit good crystals of 
this racemic salt with 3 JH 2 O, of triclinic symmetry. At ordinary summer 
temperature, however, about 18®, in a dark room, quite different 
dark green trigonal crystals are deposited containing one molecule of 
water, K 3 { 0 o(C 2 O 4 ) 3 } . HgO, consisting of a mixture of the two optical 
antipodes ; some of the individual crystals are of the dextro variety and 


others of the laevo-gyratory form. In general 

appearance they are alike, however, as only holo- 

hedral facial-forms are usually developed, the 

hemihedral facets of the right or left trapezo- 

hedron or right or left trigonal pyramid being 

less commonly developed, 

although they were clearly c 

present on a few of the 

measured specimens. The ^ 

temperature of transition of 

the racemic compound into 

the enantiomorphous pair of S 

antipodes was determined 

exactly, and found to be 

13*2® C. Below this tern- ^ ^ 

perature the solubility of the ~ 

inactive raceimc form with cobalt 



Fia. 877.— Dextro. Fi6. 878.— Laivo. 

The Dextro and Laevo Crystale of Potassium 
Cobalti-trioxalate. 


3 iH 20 is less than that of 

the two antipodes, whereas above 13*2° it is greater. 

Two typical crystals of the dextro and Isevo-gyratory forms are 
represented in Figs. 877 and 878. 

They belong to the trigonal trapezohedral class 18. The Bravais- 
Miller axial ratio a : c = l : 0*8968 ; the Millerian rhombohedral axial 


angle a = 100® 27'. ‘The forms shown are R = {1011} = { 100 }, which is 
large and predominant in right-hand crystals; c = { 0001 } ={ 111 } small; 
w»={ 10 T 0 } = {211} predominant injeft-hand crystals; r={ 0 lTl} = { 22 T} ; 
a=p 221 } = {llT} ; ^={ 2021 }={ 6 TT}. The hemihedral form x= {2241} = 
{716} was clearly observed and measured oa a Icevo-gyratory crystal 
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The molecular rotation for yellow sodium light is no less than ± 11,000°. 
Their density compared with water at 4° is 1*8893. 

A typical Investigation of an Enantiomorphous Optically Active 
Substance. — A concrete example, taken from an actual original investiga- 
tion by the author, may well conclude this chapter, as an indication of 
the mode of procedure when good crystals of a new substance are obtained, 
the solutions of which in solvents are optically active. ^ It is the case of 
the crystals of the calcium salt of the dextro variety of glyceric acid, 
which were obtained by Frankla^d and Frew^ in the year 1891 and 
measured by the author^ in the same year. When the calcium salt of 
glyceric acid, CH 2 OH is fermented by means of the Bacillus ethaceticus 
one half of the | acid in the salt only is destroyed, the remaining 
half (afteriso- CHOH lation from the calcium salt by decomposition with 
oxalic acid) | being then found to be optically active, rotating 
the plane of COOH, polarisation to the right. Now glyceric acid has 
obviously one asymmetric carbon atom, that of the CHOH group, and 
if we imagine it as a tetrahedron with the four corners available for 
attachment each to a monovalent atom or group, it must be clear 
that there are two ways, each the mirror-image of the other, of 
representing the acid, namely, the following so far as is possible in 
one plane : 



OH OH 


The molecule obviously also has neither symmetry plane, centre of 
symmetry, nor even a second order symmetry axis. It is therefore 
non-superposable with its image, and should form two optical antipodes. 

The acid itself is viscous and apparently uncrystallisable, but its 
calcium salt, Ca(C 3 H 504 ) 2 . 2 H 2 O, was obtained in good crystals, which 
were investigated by the author. The acid may be obtained by careful 
decomposition with oxalic acid of the calcium glycerate (precipitation of 
the calcium as insoluble calcium oxalate occurring), after the fermentation 
of the salt as above described ; it is found to be dextro-rotatory as already 
mentioned, but the aqueous solution of the calcium salt is Isevo-rotatory, 
to the extent of -12*09 units of specific rotation for sodium light, or 
expressed (see page 1092) in the usual manner [a]D= -12*09. The 
sodium salt is also leevo-rotatory, 

The‘' results of the goniometrical measurements proved the crystals 
to be of monoclinic symmetry. A typical crystal is represented in Fig. 
879, and its stereographic projection on the plane of symmetry in Fig. 880. 

The crystal system is thus the same as that in which the dextro- and 
l»vo-tartaric acids crystallise, and the goniometrical work very soon 
revealed the fact that the class was also the same, namely, the sphenoidal 
1 J<mm, Cherru 1891, 69, 96 » Ibid., 1891, 69, 233. 




OH. LV POLYMOUPBISM, ISOGONISM, d: ENANTIOMORPHISM 1286 


or monoclinic-hemimorphic class 4. For while four of the forms developed, 
a = {100}, c = {001}, / = {201}, and ^> = {110}, were the same as would be 
present on a holohedral crystal, and were all represented by their full 
number of faces, yet one of them, p, consisting of four faces (110), (110), 
(ITO), and (TTO), exhibited a great difference of brilliancy, according as 
these faces were on the right or left of the crystal as seen in Fig. 879, 
the two first-mentioned faces (cutting the right half of the digonal 
symmetry axis o) being bright, while the two last^mentioned faces 
(cutting the left-hand half of the syiiimetry axis) were dull. Further, 
two of the other four forms, o = {111 J and m ~ {01 1}, were only found on the 
right, and the remaining two forms, 5 = {111| and w={211}, were only 
present on the left-hand side of the crystal and of the digonal axis h. 
The faces of the left distinguishing forms s and n were also dull, while the 
right-hand distinguishing forms m and o were represented by brilliant 
faces affording excellent reflections of the goniometer signal. The crystal 
elements and table of angles are given on the following page : 




i'ro. 879. 

A Crystal of Calcium De.xtro*glycerate and its Stereographic Projection. 


The cleavage direction was common to both varieties, being paralle 
to the basal plane c = {001}. The optical properties confirm the mono- 
clinic nature of the symmetry, but are not such as enable the class to be 
distinguished. The optic axial plane is the possible (but not active) 
symmetry plane h = |()10[, which is not developed as a facial plane. 
The first median line is nearly normal to (2° from) the basal plane, making 
an angle of 23° with the vertical axis c (the basal plane being inclined 
20° 54' thereto). A crystal which is tabular parallel to the basal plane, 
or a cleavage plate, consequently shows the interference rings and 
brushes well. A section-plate truly cut perpendicularly to the first 
median line gave for the apparent angle in air 2E the values 51* 35' for 
lithium light, 52° 30' for sodium lignt, and 53° 60' for thallium light ; 
and for the true optic axial angle 2Va for the same three wave-lengths 
(by combination with the results for a jilate perpendicular to the second 
median line) 34° 56', 35° 28', and 36° 16'. The double refraction was 
positive, and the values of the intermediate refractive index j3 for the 
three wave-lengths just mentioned were 1*4496, 1-4621, and 1*4546. 
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The crystals have not yet been investigated for their optical rotation, 
as crystal individuals of considerable size are necessary, especially for 
the difficult cases of symmetry so low as monoclinic. The author hopes 
some day to be in the position of being able to procure such large crystals, 

Crystal system : monoclinic, class 4, sphenoidal or monoclinic-hemimorphic. Habit; 

prismatic. Axial angle: 110” 64^ 

Ratio of axes : a: b: c=l‘4469 : 1 : 0‘6694. 

Forms 'observed: aj«c{100J; c={001}; r'— {201}; ^=[110); m={011}; o={lll{; 
s={in; n=:{2li}. 


Angle measured. 

No. of Measure- 
ments. 


Jdmlta. 


Mean 

observed. 

Calculated. 

fap = 100:110 

42 

62” 

32'— 64” 

16' 

63” 29' 



[pp = 110 : no 

20 

72 

7—73 

33 

73 

4 

73” 

2' 

\ac = 100 : 001 

13 

68 

22— 69 

42 

69 

3 

69 

6 

cr' = 001 ; 201 

13 

52 

4— 52 

31 

52 

13 

♦ 


\r'a = 201 : 100 

13 

68 

.36— 68 

46 

68 

41 

♦ 


cm =001 : on 

10 

31 

47— 32 

19 

32 

3 

32 

2 

r'n = 201 ; 211 

2 

29 

43— 29 

48 

29 

46 

29 

47 

fao = 100; 111 

7 

63 

69— 64 

10 

64 

3 

63 

54 

0 

II 

1 

7 

18 

20— 18 

35 

18 

26 

18 

29 

ma = Oil : 100 

13 

107 

22 —108 

24 

107 

41 

107 

37 

,an - 100: 211 

11 

62 

32— 63 

44 

63 

6 

63 

10 

»w = 2ll ; in 

1 


— 


21 

35 

21 

27 

Uo = 111 : 100 

3 

94 

49— 96 

34 

95 

18 

96 

23 

[po = 110: 111 

9 

43 

61— 44 

44 

44 

36 

44 

38 

\oc =111:001 

9 

32 

56— 33 

16 

33 

7 

33 

7 

'cs =001:111 

7 

41 

32— 43 

2 

42 

10 

42 

17 

1 sp = 111 ; no 

7 

69 

16— 60 

64 

69 

69 

59 

68 

pc =110:001 

14 

77 

2—78 

21 

77 

42 

77 

46 

Icp =001:110 

16 

101 

39 —103 

36 

102 

16 

102 

16 

o 

o 

li 

SI. 

9 

62 

15 — 63 

26 

62 

42 

62 

41 

mn = on : 211 

5 

79 

6—79 

26 

79 

16 

79 

12 

[np = 211 : no 

6 

47 

41— 48 

23 

48 

4 

48 

7 

fpr' = 110; 201 

14 

106 

35 —108 

42 

108 

6 

108 

1 

1 r'p = 201 : no 

26 

70 

64— 73 

32 

71 

66 

71 

69 

\ps =110:111 

6 

66 

42— 67 

17 

67 

4 

67 

6 

W =in:20T 

6 

40 

36— 41 

29 

41 

6 

40 

56 

pm = 110: oil 

3 

75 

6—76 

21 

'i 

76 

1 

37 

75 

46 


and as perfectly clear, as Dufet was eventually able to obtain in the case 
of tartafic acid. In any case, to have worked through the goniometry 
and ordinary optical properties of » new enantiomorphous substance will 
have elucidated the method of procedure with such spbstances in the most 
practical manner possible. 
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THE THERMAL PROPERTIES OF CRYSTALS 

Heat Radiation through Crystals. — The long waves of heat in the ethereal 
medium behave precisely similarly to the shorter ones of light radiation, 
crystals transmitting them in a manner entirely governed by their 
symmetry, and thus being as regards heat likewise either isotropic, 
uniaxial, or biaxial. Transparency to light waves, however, is not exactly 
paralleled in the same crystal substance by transparency to heat waves, 
or diathermancy, as it is called ; and the diathermancy may be different 
for heat waves of different wave-length, the degree of absorption varying 
with the wave-length. Only a very few crystalline substances are 
practically perfectly diatherinanous for heat waves of all lengths, prominent 
amongst them being rock-salt NaCl, sylvine KCl, and the corresponding 
bromides and iodides of sodium and potassium, silver chloride AgCl, and 
zinc blende ZnS. All these are isotropic, cubic, substances. A remark- 
able case in the opposite sense, of a substance perfectly transparent to 
light waves (which remain white and uncoloured), yet which is very 
absorbent of heat rays, and in various degrees according to their wave- 
length, is potash alum KA 1 (S 04 ) 2 . 12 H 2 O. 

Melloni, who investigated this subject of the transmission of radiant 
heat waves through solid and liquid substances, found that rock-salt 
transmitted 92 per cent, of the rays, while alum only transmitted 12 per 
cent. A solution of alum in water transmitted also 12 per cent., and pure 
distilled water only 11 per cent, of the heat radiation. A rock-salt train of 
lenses and prisms is therefore a most valuable spectroscopic equipment 
for experiments on radiant heat. (As sodium chloride is hygroscopic, 
it must be kept in a dry place.) And a solution of alum, or pure water 
itself, forms an excellent screen (in a suitable cell) for removing the heat 
waves which accompany those of light, when the latter only are being 
studied and the former would prove deleterious. For this latter reason 
a cell of water or alum solution is always interposed between the lantern 
and the large polarising' calcite Nicol prism of the projection polariscope, 
to absorb the heat rays from the electric arc (see Fig. 636 and its descrip- 
tion, pages 857 and 858). 

The waves of heat are subject to the same law of reflection (the angle 
of reflection is equal to the angle of incidence) at the surface of a' crystal 
as light waves, and part of the heat ray is,reflected in accordance with 
• 1287 
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this law and part is transmitted (refracted). The reflected and refracted 
parts suffer more or less of plane polarisation, dependent on the angle of 
incidence, as occurs with light waves. In the case of an optically isotropic, 
cubic, substance no double refraction for heat' waves occurs, and the 
transmission takes place with equal velocity in all directions, but with 
different velocity for heat rays of different wave-lengths, a 60®-prism 
thus producing a heat spectrum, just as it does the ligl^} spectrum, the 
heat spectrum and^the infra-red overlapping. The single refractive index 
for heat waves is thus different for heat waves of different wave-lengths. 

In uniaxial crystals (trigonal, tetragonal, or hexagonal) the heat 
rays are doubly refracted in all directions except that of the optic axis, 
which is thus also a singular axis for radiant heat ; and the two rays are 
rectangularly polarised with respect to each other. The fact was first 



Pio. 881. — The Thermopile. 


fully proved by an investigation of Knoblauch with calcite. Quartz 
rotates the plane of polarisation of heat waves, just as it does that of 
light waves, and it has been proved that for the dark heat waves of the 
infra-red radiation through quartz the amount of rotation of the plane 
of their polarisation diminishes with their refractive power, and becomes 
almost nil for a wave-length us far removed from the extreme red of the 
spectrum as is violet light from the latter. 

In biaxial crystals the double refraction occurs in a manner analogous 
to that of light waves. If a mica plate, for instance, be examined on a 
rotating stage between crossed Nicols, it is found to become impervious 
to the heat rays four times, namely, when its axial dbections are at the 
0®, 90®, 180°, and 270® positions, during a complete rotation ; while at 
the intermediate four positions, when the axial directions are 45® from each 
of the positions just quoted, it exhibits the maximum diathermancy. 

For the measurement of Vadiant heat transmitted tl^ough crystals a 
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more or less refined method is necessary. The principle of all such instru- 
ments is that a surface coated with lamp-black or platinum-black absorbs 
such a large proportion of the rays of radiant heat projected on it, and 
becomes thereby so regularly raised in temperature, that the measurement 
of its rise of temperature affords an excellent relative measure of the energy 
of such radiation. 

A thermopile Jis generally employed for the purpose, the elements of 
which are usually the two metals antimony and bismi/th, the former of 
which occupies the one extreme end and the latter the other end of the 
thermo-electric list of elements referred to in the section on Thermo- 



Fjg. 882. — TJie Kadloinicrometer. 


electricity in Chapter LIX. The junctions of the several couples forming 
the pile are coated with lamp-black or platinum-black, while the single alter- 
nating elementary bars are separated by mica or other insulating material. 
The junctions are arranged at the ends of the bars, and are brought very 
close together, so that the whole combined end forms a flat surface of small 
area which can be coated with the black and arranged to lie at the apex of 
a receiving cone. Fig. 881, which shows two such thermopiles on the left 
and in the centre, differing slightly in the details of their construction 
but alike in principle, will render the arrangement clear, except that the 
conical receiver at each end is omitted. The mode of arranging and 
attaching the alternate bars of antimony and bismuth is shown 
separately on the^right. On presenting one ‘of the two cones towards 
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the oncoming radiations, the latter bect)me absorbed and the junctions 
heated, the temperature being indicated by the calibrated galvanometer 
arranged in the circuit with the thermopile. 

A more delicate instrument is the radio-micrometer of Prof. Boys, 
shown in Fig. 882, and the essential parts in section in Fig. 883. In this 

instrument the thermopile and 
galvanometer ^e combined, and 
being very small swing as a 
needle, the suspension being by 
a quartz fibre. The thermopile 
portion consists, of a miniature 
antimony-bismuth couple, con- 
sisting of two minute bars of the 
metals soldered to the edge of a 
blackened copper plate 2 mm. 
square, the other ends of the bars 
being connected by a light copper 
loop directly suspended by the 
quartz fibre between the poles 
of a powerful permanent magnet. 
The defiection of the miniature 
suspended circuit is measured by 
the movement of a beam of light 
reflected from a small attached 
mirror. 

When heat radiation falls on 
the blackened face of the little 
copper plate the lower junction 
of the antimony-bismuth couple 
becomes heated, and a current 
traverses the circuit. As this is 
freely suspended in a strong magnetic field it is deflected, on the same 
principle as the moving coil galvanometer. It thus acts as an ideal 
thermopile without the need for a separate galvanometer. The reflecting 
miniature mirror is attached to the upper part of a capillary glass tube 
which forms the intermediary between the quartz fibre above and the 
copper wire circuit below. The radiation falls upon the thermo- junction 
through a transverse aperture, closed at the far end by a glass plate for 
inspection purposes ; this aperture is drilled out of a mass of soft iron 
(shaded dark in Fig. 883) surrounding the couple, which serves to prevent 
disturbance due to diamagnetism. The dotted lines in Fig. 882 indicate 
a protective cover of thick wood for the whole instrument, a paper tube 
being attached to it in front of the radiation aperture for the more 
convenient admission of the radiation. * 

Another refined instrument is the bolometer of Langley, in which a 
thin strip of blackened metal forms one of the arms of a Wheatstone bridge, 
and the rise in its temperature is measured by the increase in the resistance 
of the metal. It is shown in section in Fig. 884 It was first constructed 



Fw. 883. — Eadlomlcrometor, the Suspension. 
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in the year 1881 ^ for the study of the distribution of heat in the solar 
spectrum. The essential feature is a grating or parallel system of elements 
in the form of strips about a centimetre long, half a millimetre wide, and 
1/100 to 1/500 mm. thick, punched from a single thin sheet of platinum or 
palladium, or even steel, foil, the ends or junctions of the strips being thus 
part of the same piece of metal as the rest of the grating. This is placed in 
one of the arms of the Wheatstone bridge, and a duplicate grating screened 
from radiation counterbalances it on the other arm » with the aid of a 
variable resistance, so that an exact*counterpoise can be attained in the 
galvanometer circuit. A couple of Daniell’s cells supply the necessary 
current, which divides itself between the two arms. When heat radiation 



Fig. 884. — Langley’s Bolometer. 


falls on the exposed grating the resistance is increased and the current 
thereby weakened in that arm, so that the galvanometer needle is deflected, 
and the amount of the variable resistance required to be inserted to bring 
it back to zero is observed. Change of temperature no greater than the 
1/10, 000th of a degree centigrade can be detected, and owing to the 
thinness of the strips the action is practically instantaneous. The whole 
is enclosed in a copper-lined chamber, which is itself enclosed <in a much 
longer ebonite cylinder, provided with four diaphragms pierced by central 
apertures of 6 mm.* diameter, arranged at equal intervals formed by short 
ebonite separating inner cylinders ; this arrangement of diaphragms 
proves an effective device against disturbing air currents. The admission 
aperture may be varied in size, a whole series of circular openings of 
^ Proc. Amer, Acad, of Arts and Sciences, 1881 , 16, 342 . 
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different sizes being provided on a rotating circular disc attachment. 
After the fourth diaphragm comes the grating, then a solid layer of non- 
conducting material through which the connecting wires are led to the 
binding screws. The short space behind this serves for the reception of 
the compensating grating and variable resistance. Steel, platinum, or 
palladium are suitable for grating material on account of their high 
electrical resistance, and the considerable alteration of they- resistance with 
change of temperature, as well as on account of their tenacity, ductility, 
and resistance to oxidation. 

The main results of Melloni with crystals are given in the following dia- 
thermancy table, the numbers representing percentages of the incident heat 
radiation transmitted by the crystal, the source of heat being an incandes- 
cent platinum spiral, and the receiving instrument a delicate thermopile. 



Diatheemanoy op Crystals. 


Kook -salt, NaCl 

. 92 

Barytes, BaSOi 

. 18 

Fluorspar, CaFj 

. 69 

Gypsum, CaSO^ . 2 H 2 ( ) 

. 5 

Iceland spar, CaCO^. 

. 28 

Alum, KA1(S0,)2.12H20 . 

. 2 

Quartz, SiOg . 

. 28 

Pure ice ... 

. 0 

Potassium bichromate, 

, KgCrgO. 28 




Conduction of Heat.—The phenomena of h(‘at conduction by crystals 
(as distinguished from the transmission through them of ethereal radiant 
heat waves) have been rendered readily demonstrable by the well-known 
method first described by M. de Senariiiont ^ in the year 1847 . The method 
consists in laying on the surface of a plate of the crystal, or on the face of 
a tabular crystal of the substance to be investigated, a very small piece of 
wax and warming both crystal and wax slowly to the temperature of the 
melting point of the latter, when it spreads itself in a thin layer over the 
entire face, any excess being allowed to run off by tilting the crystal. On 
cooling, the wax solidifies as a thin translucent film It is then touched at 
a single point by a hot needle, or other metallic point, the heat being 
conveyed to the latter by conduction from the other end of the pointed 

metal rod or wire, at 
which other end 
furthest from the 
crystal the heat is 
applied, the crystals 
and its wax film being 
' sheltered from the 
direct heat rays by 
suitable screening. 
Another mode of pro- 
cedure is to drill a fine hole through the crystal plate and to lead through 
it a silver wire, or better, a fine silver tube, which can be heated in a 
similar manner from one end. This mode is illustrated in Fig. 885, 

As soon as the metallic point, wire, or tube adjacent to the crystal and 
wax feels the heat it begins to communicate it also to the crystal and wax, 

1 Comptea hndus, 1847, 25, 469 and 707. ^ 



FiQ. 885.— Method of M. do Senarmont. 
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and the latter proceeds to melt.around it in a patch the circumference of 
which is either a circle or an ellipse, according to the nature of the crystal 
plate ; on cooling, the periphery of the melted zone is clearly marked by a 
little welt or raised ridge. If the crystal plate be such that conduction 
over its surface is equal in all directions, as would be the case with a cubic 
crystal or a plate of a uniaxial crystal cut perpendicularly to the axis, the 
figure is circular. If the crystal plate be that of a biaxial crystal, or of a 
uniaxial crystal ^ut otherwise than perpendicularly to fhe axis, the figure 
is an ellipse, the heat being conducted with different velocity in different 
directions in the crystal surface. For the directions of inaxiinum and 
minimum conduction are always at right angles, just as are the vibration 
directions of the maximum and minimum light transmission. The major 
axis of the ellipse is the direction of greatest conductivity, and the minor 
axis that of the least conductivity in the crystal surface The isothermal 
surfaces around the heated point of the crystal are in general a series of 
concentric ellipsoids, and the axes of these ellipsoids coincide with the axes 
of crystal symmetry, in the cases of those crystals which j) 08 se 88 such axes 
(see page 1297). 

When the plate is of considerable thickness, and is heated by a wire 
passing through a hole at right angles to the faces, the curves on the two 
faces are only true ellipses when the plate is parallel to a principal plane of 
the ellipsoid (parallel to a plane of symmetry or perpendicular to an axis 
of symmetry). In general, that is in other cases, the plate not being so 
symmetrically orientated, the curves will be egg-shaped ovals, with their 
broader ends oppositely situated to each other (turned in opposite 
directions), the plate being heated along a line and not at a single point. 
For when the source of heat is a line the curves on the two parallel 
faces of the plate are only similar ellipses when the line, that is the hole, 
is drilled in the direction of that diameter of the thermal ellipsoid which 
is conjugate to the direction of the plate faces. Or, otherwise expressed, 
the hole should be drilled in the direction conjugate to the faces with 
respect to the thermal ellipsoid. 

Jannettaz^ modified the method of de Senarmont by employing a 
small platinum ball to make the contact with the wax ; a fine platinum 
wire was attached to it which could be heated by an electric current. The 
wire passed, just above the ball, through a flat dish containing water, to 
act as a screen to protect the wax from all heat rays passing by radiation 
towards the direction of the wax surface. 

The best method of all, however, is one due to Rdntgen.^ The surface 
of the crystal plate, or the crystal face if a natural crystal of tabular form 
is being employed, is breathed upon and then immediately touched with 
the point of a heated wire. This disperses the film of moisture jvst around 
the spot touched. On then at once dusting with lycopodium powder the 
shape of the spot is clearly and more or less permanently revealed, as the 
powder adheres firmly to the remaining portion of the moisture film, while 
it readily falls off from the dry spot on shaking the crystal. The spot is 

1 Ann. Chim. Phya., 1873 [i], 29, 5. 

* Pogg. Ann., 1874, 151, 603 ; also ZtiUchuj'O.r Kryst., 1879, 3, 17. 
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then seen to possess the circular or elliptical shape of the conductivity 
figure or “isotherm.’* The method gives excellent figures, capable of 
accurate measurement, thus facilitating the accurate determination of the 
relative lengths of the axes of thermal conductivity in the event of the 
figure being an ellipse. 

A cleavage surface of stibnite, the naturally occurring sulphide of 
antimony, Sb 2 S 3 , which crystallises with orthorhombic symmetry and 
develops a perfect ^cleavage parallel to {010}, affords the means for an 
excellent demonstration of the production of an elliptical conductivity 
isotherm, either by de Senarmont’s method (touching the wax film in this 
case with the point of a heated wire), or by Kontgen’s method. The 
ellipse is found in either case to have its major axis parallel to the vertical 
crystal axis c, and its minor axis parallel to the horizontal axis a, heat being 
conducted in stibnite more readily along the direction of the vertical axis c 
than along the brachy-diagonal axis a. According to H. L. Bowman a 
thin layer of ammonium chloride, obtained by sublimation, answers well 
as a substitute for de Senarmont’s wax coating. The application of a 
heated point volatilises the salt, and leaves the surface of the stibnite 
crystal (cleavage plate) exposed. The resulting figures are clearly visible, 
but the specimens must of course be subsequently protected from injury 
in a glass tube or otherwise, 

A cleavage plate of gypsum, selenite, CaS 04 . 2 H 2 O, the well-known 
monoclinic mineral which cleaves so readily parallel to the symmetry 
plane {010}, may also be used to demonstrate very clearly the conductivity 
isotherm. In this case the major and minor axes of the elliptical figure 
produced are oblique to the crystal axes and to the edges of the crystal 
plate, while at right angles to each other, as illustrated in Fig. 886 ; for 
the monochnic symmetry does not fix the positions of the isothermal 
axes, which may lie anywhere in the plane of symmetry consistent with 
their mutual rectangularity. 

In the year 1898 H. L. Bowman ^ described not only the method to 
which reference has been made above in the case of stibnite, but also a 
simple, permanent, and effective method of producing curves of con- 
ductivity for heat on the faces of crystals containing water of crystallisa- 
tion, gypsum and copper sulphate having been employed by him. A stout 
brass wire of fV diameter is filed at one end to a conical point. It 
is then supported in a vertical position with its point resting on the face 
of the crystal, and is heated by means of a Bunsen burner directed 
horizontally at a point 1 or 2 ins. above the end.' The water of crystal- 
lisation is driven off by the heat, and an opaque white spot formed round 
the point. This spot has an elliptic outline, which approximates to the 
curve of conductivity. 

If figures be produced on faces belonging to different forms, they can be 
seen to vary, in the directions and ratios of their axes,dn accordance with 
the symmetry of the crystal. Fig. 886 shows the figures obtained on a 
typical crystal of gypsum. Figures may readily be obtained with a major 
axis of 5-6 mm. or more, but beyond this size the outline is rather apt to 
I Min. Mag., 1900, 12, 363. 
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become irregular, the opacity extj^nding outwards in streaks which, on the 
cleavage face, run nearly parallel with the edge [010 : 111]. 

No advantage appears to be gained by screening the crystal from the 
direct radiation from the source of heat. 

Under the microscope the white patch is seen, near 
the margin, to consist of dots, which with a J in. objective 
show a form resembling the “ Verwitterungsflecken ” 
described by Sohilcke.^ , 

The thermal conductivity of some particularly large 
and well-formed crystals of bismuth nave been deter- 
mined by F. L. Perrot ^ by the method of de Senarmont, 
and also by a novel method, for the directions parallel to 
the crystallographic axis of the trigonal crystals and 
perpendicular thereto. In the first set, a pointed wire, 
heated by a Bunsen burner, was used to touch the sur- 
face of the metal covered with the easily fusible wax or 
other material. The major and minor axes of the elliptic 
form of the ])oundary of the melted material were care- fio. sso.-- C urves of 
fully measured, and the square of their ratio gave the Gmunf Crystal? 
ratio of the conductivities. In the cases of four different 
crystals the ratios of the conductivity perpendicular to the axis to that 
parallel to the axis were found to be 1 -288, 1 *308, 1 *408, and 1 *390 ; the 
mean of the last three, by far the more perfect specimens, was taken as 
near the truth, namely, 1 *368. Lownds ® had previously found the same 
ratio for a single crystal of bismuth in his possession to be 1 *4:2. Perrot 
then used in confirmation the .second method, which is new. lie placed 
a parallelepiped of bismuth on a heated iron surface, and then laid on its 
upper surface two crystals of substances fusing at known suitable tempera- 
tures. The time taken between the melting of these two small crystals was 
considered as being inversely proportional to the conductivity of the 
bismuth. The mean result of several experiments by this method for the 
ratio of the conductivities in bismuth perpendicular to and parallel to the 
axis, was again found to be 1*368. Cailler has pointed out on mathe- 
matical grounds that this method is not a safe one, but that in the case of 
the particular experiments of Perrot the error was probably not greater 
than 2 per cent. Hence, the ratio of the conductivities of bismuth may be 
taken as being very close to the number 1 *37. 

The conductivity for heat of the trigonal crystals (calcite class 21) of 
haematite, Fe 203 , has been determined by H. Backstrom,* using the methods 
of Rontgen and de Senarmont. Jannettaz had previously found the ratio 
of the conductivities to be 1*1, that along the principal axis being the 
smaller. By the Rontgen method, as the mean of six detenpinations 
Backstrom found the ratio to be 1 *06. By the de Senarmont method the 
value afforded was 1 »064. In order to be certain, however, he tried a third 
method. Two plates, respectively perpendicular and parallel to the axis, 

^ Zeitschr, filr Kryet., 1899, 30 y 1. 

* Arch. 8ci. Phm. Nat,, 1904, 18, 445. » Phil. Mag., 1903, 6, 162. 

* Ofversigt af Kongl. Vetenskaps-Akad. Forhendli^ar, Stockholm, 1888, 8, 533. 
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were prepared and laid alternately bet’^een three copper plates carrying 
small thermo-elements, the five plates forming a small pile. In contact 
with the uppermost and the lowest (copper) plates were copper water baths 
maintained at different temperatures, and the temperatures between the 
upper and middle copper plate, and between the middle and lower copper 
plate, were determined by means of the thermo-couples fixed in the copper 
plates themselves. These temperature-difierences were proportional to 
the resistance of, the two haematite plates alternating with the copper 
plates ; the resistance was due to the two factors, thickness of plate and 
its thermal conductivity. It was, therefore, readily possible to calculate 
the relative conductivities perpendicular to and parallel to the axis, and 
the ratio proved to be 1 *11-1 *12. 

It is thus established that the thermal conductivity of crystals follows 
very similar laws to those governing their behaviour towards light. If the 
conductivity be supposed to start, as from a centre, from some point within 
the crystal, and to travel in a straight line, and its value along any radial 
direction from the central point be represented by the length of the straight 
line, the surface traced out by the terminations of all such possible straight 
lines radiating from this centre will be a sphere in the case of an isotropic 
crystal, an ellipsoid of revolution in the case of a uniaxial crystal, and an 
ellipsoid of general form with three unequal rectangular axes in the case of . 
a biaxial crystal. In consequence, the shape of the isothermal curve in the 
surface of any crystal face or cut plate, which curve will be the locus of all 
positions which will have attained the same temperature, when the latter 
is being raised by conduction from a point in the surface, will be a circle 
when the experiment is performed on the face or cut (or ground) surface 
of a cubic crystal. The sphere (any one of a series of successive isothermal 
spheres) satisfies the equation + supposing the source of heat 

to be taken as the origin of the co-ordinates and r to be the radius. In 
the case of the thermal ellipsoid corresponding to any of the anisotropic 
systems of crystals, if A, B, C be the conductivities for heat along the axes 
of the ellipsoid, K the absolute conductivity of the substance, and the axes 
of reference be taken in the directions of the thermal axes of the crystal, 
then the ellipsoid satisfies the equation 

a;2 yZ 2;2 9-2 

+ - + — . 

A B (! K 

The axes of any one of the isothermal ellipsoids are directly proportional 
to the 8(|uare roots of the three principal conductivities of the substance. 
(See Preston’s “ Heat ” for a full mathematical discussion, pages 662-656.) 

In the case of uniaxial crystals the thermal conductivity is either a 
maximupi or a minimum in the direction of the optic axis, and the converse 
in all directions perpendicular thereto, the value varying between these 
two extremes according to the inclination of the radial direction under 
consideration to the axial direction. Uniaxial crystals may thus be 
thermally positive or negative, according as the spheroid is elongated or 
compressed along the axis. The isothermal curve is consequently only a 
circle for a plate or face pe^rpendicular to the axis, that is, for the basal 
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plane ; for planes of all other si^^uations it is an ellipse, and the relative 
lengths of the two axes of the latter differ most when the plate is parallel 
to the axis. 

For biaxial crystals the thermal conductivity is different in all 
different directions, and the maximum and minimum values correspond 
to two directions at right angles to each other, which are thus the two 
extreme axes of the thermal ellipsoid ; perpendicular to the plane of these 
two rectangular ^kes is a third axis of the ellipsoid of intermediate value. 
The thermal conductivity in any other direction is afforded by the relative 
length of the radius of the ellipsoid parallel to that direction. In rhombic 
crystals the three axes are identical in direction with the three crystallo- 
graphic axes a, h, c. In monoclinic crystals only one axial direction 
corresponds to a crystal axis, the unique axis of symmetry h. In triclinic 
crystals the thermal and crystallographic axes are in general all differently 
situated, but of course the three axes of the thermal ellipsoid are, as 
always, mutually rectangular, while the crystal axes, also as always for 
this crystal-system, are never rectangular. 

These facts are of some practical value, besides in a very beautiful 
manner emphasising the parallel behaviour of crystals towards light and 
heat. For an investigation of the thermal conductivity curves by the 
methods of de Senarmont or Rontgen may be possible, and give valuable 
information, in the cases of crystals which are opaque to light, and thus 
serve the same ])urpose as an optical investigation, of confirming or even 
actually deciding the nature of the symmetry indicat<‘d only more or less 
clearly by the goniometrical investigation. 

Measurement of Relative Conductivity for Heat in Solids obtainable in 
Quantity.- The relative conductivities of a number of solids, chiefly 
metals however, have been very accurately determined by Wiedemann 
and Franz, and there appears to be no reason why their method cannot 
be applied to crystals obtainable in considerable size, such as are many 
minerals. A bar of the substance is heated at one end, and its temperature 
at regular intervals along its length is taken by means of a sliding 
thermopile. It is a refinement of the well-known rough method of 
Despretz, in which thermometers are inserted at regular intervals in 
holes drilled in the bar. The bar was immersed, in the experiments of 
Wiedemann and Franz, in a glass chamber which could be rendered 
vacuous, and which in turn was immersed in a water bath provided with 
a thermostat, in order to maintain a constant temperature. The end 
of the bar was heated to 100° C. by a current of steam. The thermopile 
was graduated (calibrated) in situ, under similar conditions to those of 
the experiment, and special precautions were taken to ensure complete 
contact of the bar and the thermal junctions of the pile. A table of the 
results for metals is given on the following page, silver being taken as 
the standard of relative conductivity and valued at 100. 

Experimental Determination of Absolute Conductivity for Heat of 
Crystals.~In order to airive at a correct conception of heat conduction 
a plane lamina with parallel faces is best considered. If one face be 
maintained at the temperature 6^, and the oth«r at the different tempera- 
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Silver . 

Copper 
Gold . 

Brass . 

Tin 16-4 


Steel 10-3 

Iron 10*1 

Lead ‘ 7-9 

Platinum . 7’3 

Bismuth . .1-8 


Relative CoNDUorivpiBS in vacuo. 

. 100 
. 74-8 
. 64-8 
. 24-6 


ture $2, there must be a persistent flow of heat through the substance 
of the plate from ‘the hotter face to the colder one. Assuming the lamina 
to be homogeneous, the quantity of heat which flows throu^ it has been 
experimentally proved to be proportional to the difference of temperature 
01 ~ $2 of its faces. For laminae of different thicknesses the flow will be 
inversely as the thickness e. The quantity of heat Q flowing will also 
be proportional to the area A of the lamina and to the time t. It will 
further depend on the material, that is, on the specific nature of the sub- 
stance under investigation of which the lamina is composed, different 
materials having different powers of conducting heat, and this factor is 
usually represented by K. We then have 

Q=Kt®“A(. 

e 

If we suppose the lamina to be of unit thickness and area, and unit 
difference of temperature to occur between its two faces, the absolute 
conductivity K becomes numerically equal to the quantity of heat which 
flows through the lamina per unit of time. If we use the method of the 
differential calculus, and suppose the lamina to become infinitely small, 
represented by. dx, and to exhibit an infinitely small temperature difference 
dd, we arrive at the conclusion that the quantity of heat flowing in 
infinitely small time will be 

Q=-KA^(i(. 

When the steady state is established this reduces to 

K7- = a constant. 
dx 

The quantity ^ is the gradient of temperature, and the expression 

means that the flow of heat through unit area per unit time is equal to 
the absolute conductivity multiplied by the temperature gradient, and 
this has been experimentally proved to be a f^ct. 

The determination of the absolute conductivity of solids can be 
carried out by three different methods, that of the Guard Ring, that of 
Forbes, and that of Angstrom. The two latter methods are suitable for 
application to crystals, and have been so applied by C. H. Lees. A brief 
account will first be given of the three methods, and then a description 
of the work of Lees on the absolute conductivity* of quartz and other 
crystalline substances. 

The Guard Ring method is the obvious one of taking temperatures near the plane 
face® of the section-plate, across which the flow of heat is to be determined. But the 
practical difficulties are great Vhen the plate is thin, as thermometers have to be 
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inserted in holes drilled vertically ^^rallel to and very near each of the surfaces. 
Hence, only a comparatively very thick plate can bo used fof this method, really a 
block, and one of its surfaces forms the end of a chamber heated by steam, while 
the other face is the end of a similar chamber filled with ice. This method is clearly 
unsuitable for work with crystals. It is better adapted to use with liquids than solids, 
and it received its name from the circumstance that in using it to determine the 
absolute conductivity of mercury an outer vessel or “ guard * of mercury was used 
to ward off radiation from or to the essential inner glass tube containing the mercury 
under investigation? • 

The method of Forbes involves two exj^riments, one statical, the determination 
of the temperature curve and temperature gradient at all points on a bar of the solid 
substance, and a dynamical one, the determination of the rate of cooling of the bar 
when uniformly heated and left to cool in air. In determining the conductivity of 
wrought iron two separate bars were used, of 8 feet length for the statical experiment, 
and only 20 inches for the dynamical one. The larger bar was heated at one end by 
being fixed m a crucible of molten lead or solder maintained at a constant temperature 
just above its melting-point. In order to determine the temperature curve ten 
thermometers were placed in boles drilled in the bar at regular intervals and filled 
up with mercury or fusible metal. The smaller bar had a single thermometer simi- 
larly arranged in the centre of the bar, and several others near it, and was heated 
uniformly % complete immersion in a cylindrical bath of heated fusible metal (4 
parts lead, 3 of tin, and 3 of bismuth). It was then withdrawn and rested on two 
blunt-edgcd props to cool, the temperature being read off each minute during the 
cooling. 

From the results of the statical experiment the temperature curve was plotted, 

and the value of j-, the temperature gradient, was afforded for each point (section) 
dz 

of the bar. From the dynamical experiment the cooling curve was plotted, and from 
the combined results of both experiments a third curve was drawn, having rates of 
cooling for ordinates and corresponding lengths along the statical bar for abscissee. 
This final curve was approximately logarithmic, so that the area between any two 
ordinates could be calculated, or measured with a planimeter. This area, for two 
very closely adjacent ordinates corresponding to the distance dx, is proportional to 
the quantity of heat radiated by this element of area per second. Hence, the area 
of the curve between the ordinate at the point x and the cold end of the bar represents 
the total loss of heat from the surface of the bar beyond the section, that is, the flow 
of heat across this section at the point x. The final result was to afford, in centimetre, 
minute, and centigrade degree units, the absolute conductivity K of wrought iron for 
temperatures from 0° to 200" C., the actual numerical value being calculated for 
every 25", They were 12-36 at 0", 11-80 at 25°, 1 1-15 at 50°, and so on, diminishing 
regularly down to 7-62 at 200° C. 

Tait subsequently repeated and confirmed Forbes’s experiments, and 
extended them to copper and lead. Callendar and Nicolson have since 
determined the conductivity of cast iron by Forbes’s method, using a 
large bar, 4 feet in length and of 4 inches diameter, lagged like a steam- 
pipe to the depth of an inch in order to reduce surface loss of heat. It 
)vas heated by steam at one end, and cooled by a stream of water flowing 
through a calorimeter at the other. The heat transmitted was measured 
calorimetrically, and five thermometers were placed at intervab along 
the bar to determine the temperature gradient near the entrance to the 
calorimeter. 

The method of Angstrom consists of oljservations of the periodic 
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flow of heat in a bar, which is alternately heated and cooled at one end 
or some other definite part of its length, the centre being often chosen. 
Long bars were employed, 57 and 118 centimetres being the lengths of 
two employed in the chief determinations, the thicknesses being 25 and 35 
millimetres, and the periodic heating and cooling was effected by enclosing 
the middle part of the bar in a chamber through which alternately steam 
and cold water could be circulated. When the alternation had been 
carried on for some time, the temperature at any pari became steadily 
periodic, and the mean temper*, ture constant. Thermometers were 
inserted in perforations at 5-centimetre intervals. With this apparatus 
Angstrom found the value of K for iron and copper to be 9*77 and 54*62 
respectively. 

Callendar has also employed the method, using the same apparatus 
as he used for Forbes’s method, by varying the steam pressure in the 
heater, so as to produce a simple harmonic oscillation of temperature, 
while the cool end was kept steady. 

The Method o! Lees ^ for the determination of the Absolute Conductivity 
of Crystals in different directions is an application of Forbes’s method to 
the particular problem in hand, by causing the crystal to act as part of a 
metallic bar. The method was first suggested by Sir Oliver Lodge, and 
the form in which Lees carried it out was to prepare two absolutely similar 
bars of the same metal, and to place them end to end in the same straight 
line as a compound bar of double the length, and with the crystal section- 
plate gripped between them at their junction. Brass was used as the 
metal, and contact with the crystal plate was rendered the more assured 
by mercuric amalgamation of the gripping ends. The crystal lamina 
thus formed the central section of the whole compound bar, that is if we 
imagine it as infinitely thin it acted as a particular section, across which 
the flow of heat was to be measured. As it had appreciable thickness, 
however, the problem really resolved itself into determining the 
conductivity at those two infinitely thin sections formed by the two 
parallel surfaces of the crystal plate. The temperature curve along the 
bar was determined by means of thermo-electric couples of platinum- 
silver alloy and iron, immersed in miniature mercury cups drilled in the 
bar. The length of the compound bar was 67 cm , and its diameter 
1 *93 cm. The whole was packed in sawdust, and one end was heated by 
steam while the other end was immersed in cold water. From the 

dd 

.temperature curve which was plotted the value of the temperature 

gradient, was obtained for each face of the crystal section-plate. The 
absolute conductivity K of the brass bars had previously been determined 
when phiced end to end without any crystal between them, so that the 
value of K for the crystal could readily be calculated. The main results 
were the following : 

For quartz parallel to the axis the absolute conductivity K was found 
to be 0*0299, and for any direction perpendicular to the axis 0*0158. 

' Phil. Trane., A, 1892, 183, 481 ; Mem, and Proc, Manchester Phil, and Lit. Soc., 
1890-91, 4, 17. 
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The conductivity of this uniaxfal mineral is thus twice as great along 
the axial direction as it is transversely thereto, and this larger axial value 
is the highest conductivity observed among the crystalline substances 
investigated by Lees. It is, of course, much less than that of the brass 
of which the bars were constructed, which was 0*27, nine times as much 
as that of quartz. For Iceland spar along the axis the value O’OlOO 
was obtained, and for the direction perpendicular to the axis 0*0084. 

For mica perpendicular to the cleavage the very* low value 0*0018 
was afforded. Rock salt for any direction (the crystals being cubic, 
isotropic) gavt 0*0138. These results all refer to the thermal conductivity 
between the temperatures 25° and 35° C., and are expressed in C.G.S. 
units. As affording a valuable comparison with a transparent non- 
crystalline solid, it may be mentioned that the values similarly obtained 
for crown and flint glass were respectively 0*0024 and 0*0020, values 
only slightly greater than for mica. It will thus be seen that the average 
thermal conductivity of quartz is more than ten times as much as that 
of glass. It is to this property of relatively high conductivity that quartz 
owes its long-known extraordinary coldness to the touch. Spheres of 
rock-crystal were much valued by the ancient Romans in the days of 
Imperial Rome for their refreshing coolness when held in the hand during 
the heat of midsummer. This is clearly referred to in the two following 
quotations from Propertius : 

Oh what avails the purple’s Tyrian glare, 

Ur that my hands the limpid erystal bear ? 

Now courts the breeze with jilumos t)f peacocks fanned, 

Now holds the flinty ball to cool her hand. 

Lees concluded from his results that for these transparent crystalline 
substances no such comparison between their thermal conductivity and 
velocity of propagation of light can be made, as has been made by Kundt 
for metals. The thermal conductivities vary enormously compared with 
the very small change of refractive index for light. He also remarks that 
it is singular that quartz and rock salt, which are diathermanous bodies, 
should also be good conductors, quartz being a better conductor than 
bismuth (0*017 according to Lorenz). He further expressed the opinion, 
since so remarkably verified, that fused quartz, on account of its high 
conductivity, would prove very suitable for vessels subject to sudden 
change of temperature, and for delicate thermometers. 

The Thermal Expansion of Crystals. — The thermal expansion of a solid 
body is expressed by its “ linear coefficient of expansion,” which is 
symbolised by a, and is the amount of extension of the body which unit 
length of it undergoes in the direction of that length on raising the 
temperature of the body through one degree centigrade. The expression 
is not itself a constant, but consists of two constants a and b of which twice 
the latter is multiplied by the number of degrees of temperature. That 
is, the linear coefficient of expansion a for any temperature tk: 

a = a + 2bt. 

The coefficient thus varies regularly with th« temperature, the increment 
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per degree of the latter being 25. Thue, for example, the coefficient is 
not the same for 60®-61® or 100®-101° as it is for 0®-l®, but as a rule 
considerably different and greater in each case ; occasionally it happens, 
however, that the value 25 is a decrement, the sign of 25 being negative. 
It is regular at any rate, so long as the chemical composition of the sub- 
stance remains unchanged, and if the body be crystalline, for the same 
direction in the crystal ; also, in the cases of polymorphous substances, 
so long as the syminetry remains the same, that is, so long as the particular 
crystalline modification persists. nThe expression for a above given is 
also the mean linear coefficient between any two temperatures of which 
the mean is t. The mean coefficient between 0° and f is a + ht. 

The above expression for a is derived from the following considerations. 
If the length of the solid substance at (f be represented by Lo, and the 
length at f by Lj, the nature of the change of length is adequately 
represented by the formula 

Lt=Lo(l +a< + 5/^). 

If a be the absolute coefficient of linear expansion, then the constant 
increment per degree is Aa/Af, and their relations to the constants 
a and 5 of the above formula can be ascertained at once by successive 
differentiation with respect to the temperature. Thus 
a==o-i-25t, and Aa/A< = 25. 

The mean coefficient of linear expansion between 0° and f is, therefore, 
a + bt] but the true coefficient at any particular temperature t, and also 
the mean coefficient between any two temperatures whose mean is t, 
is 0 + 25^, 

Hence, in order to be able to determine the true and mean coefficients, 
and the increment per degree, which together afford full information as to 
the nature of the expansion, it is only necessary to ascertain the constants 
a and 5 in the general expression above given for Lf. How this is 
achieved, by making observations for two intervals of temperature, 
will be explained in the next chapter, and particularly, as regards the 
necessary calculations, on page 1321. 

As regards the cubical expansion, if the length Lt of an edge of the 
cube of the solid at f, compared with its length Lo at 0°, be taken, as 
above, as 

1 +at + bt^, 

then the volume of the cube at t° (assuming homogeneity of the material of 
the substance, and equality of expansion throughout) will be (1 -i- a< + bt^)^. 
On working this out, it is found that only the three first terms of the 
result, namely, 1 + 3a< + 3bfi or 1 + 3(a^ + bt^), are of significant value, 
the rest involving the square or higher powers of a or 5 (a and 5 being 
to begin with only decimal fractions having several ciphers after the 
point), which do not influence the result. The cubical expansion 
coefficient is thus simply three times the linear coefficient. 

The case may, indeed, be put more simply thus. If the coefficient 
of linear expansion be a, and the edge-length at 0° be 1, then at 1® it 
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becomes 1+a. The cube of this, (l+a)®, is l+3a + 3o*+a®, and only 
the first two terms, 1 + 3a, are of significance. That is, the coefficient 
of cubical expansion is 3a, or in other words three times the coefficient of 
linear expansion. 

Variation of Linear Expansion with the Symmetry.— A crystal belonging 
to the cubic system expands equally in all directions, like non-crystalline 
substances such as glass, or heterogeneously crystallised substances such as 
metals. Hence a cubic, promiscuously finely crystallised^ or non-crystalline 
substance has only one expression foaits linear expansion. A sphere cut 
out of such an isotropic crystal remains a sphere on being heated or cooled, 
its radius as a rule increasing with rise of temperature. The interfacial 
angles of cubic crystals remain unaltered by variation of temperature. 

The cubical expansion of such a cubic crystal or other isotropic 
substance is 3a, as already shown. For when the expression for the 
linear expansion is cubed, all other terms are found to be too small to 
affect the significant figures of the coefficient. 

A crystal belonging to one of the optically uniaxial systems of sym- 
metry, the tetragonal, hexagonal, and trigonal, expands in general differently 
in different directions, but there is this regularity in the differences, that 
the maxima and minima of expansion occur along the respective directions 
(or vice versa) of the optic axis and any direction perpendicular thereto, 
along which latter infinity of directions lying in the equatorial plane the 
expansion is equal. Thus two expressions for the linear expansion, one for 
the direction of the axis and another for directions perpendicular thereto, 
are required in the case of a uniaxial crystal. Hence, a sphere cut out of a 
uniaxial crystal becomes an ellipsoid of revolution on heating or cooling, the 
axis of which is coincident in direction with the optic axis. All the faces 
of the crystal which arc parallel (together with their edges of intersection) 
to the optic and thermal axis, or perpendicular thereto (the basal planes), 
remain unaffected in their angles of mutual intersection ; but the inclina- 
tions of faces oblique to the axis are altered. When the axis is the 
direction of maximum expansion these pyramidal or domal faces become 
steeper with rise of temperature, but when the axis is the direction of 
minimum thermal dilatation the form becomes a flatter one. The mode 
of measuring such angles at temperatures up to 120° was dealt with fully 
in Chapter XXVI. It was the study of such changes for the first time 
by Mitscherlich, in the case of calcite, that brought to light both the 
fact that such interfacial angles of crystals are dependent on the 
temperature, and indirectly the laws of the thermal dilatation of 
crystals. Mitscherlich caused the first really delicate goniometer, 
reading to ten seconds of arc, to be constructed by the then celebrated 
mechanician Pistor, for this very purpose, and with its aid showed that 
the rhombohedral angle of each of several fine rhombs of calc-spar 
from Esldfjordhr irf Iceland was 106° 4' at 10°, but became reduced to 
104° 56' at 110° C. 

The cubical expansion of a uniaxial crystal is obtained by adding to 
the constants a and 26 for the axial direction twice the values of those 
constants for the equatorial direction. That is, if a represent the 
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coefficient foi the former direction and that for the latter, then the 
cubical expansion is a + 2a'. 

A crystal belonging to the optically biaxial systems, the rhombic, 
monoclinic, or triclinic, expands unequally in different directions, and 
there are two directions perpendicular to each other along which the 
dilatation is respectively a maximum and a minimum, while the direction 
at right angles to both, the normal to their plane, exhibits an inter- 
mediate amount af expansion. These three rectangular directions form 
the axes of a thermal ellipsoid of g^meral triaxial character, analogous to 
the optical ellipsoid. A sphere cut from such a crystal becomes converted 
by change of temperature into an ellipsoid of this form. In the case of 
a biaxial crystal, therefore, three expressions for the linear expansion 
are required, one for each of these three axial directions. The three axes 
are only coincident with the crystallographic ones and those of the 
optical ellipsoid in the case of crystals belonging to the rhombic system, 
although even here the lengths in general have no relations. In the 
monoclinic system only one thermal axis is identical in direction with a 
crystallographic axis, the symmetry axis h, which is likewise an axis of 
the optical ellipsoid. The other two thermal axes lie in the symmetry 
plane, and although similarly rectajgularly inclined have no necessary 
(although often a fortuitous) connection with the directions in that plane 
occupied by the optical axes. In the triclinic system the three rectangular 
thermal axes may have any orientation, consistent with the retention of 
their mutual perpendicularity. Consequently, only in the rhombic 
system do the pinakoidal forms all remain angularly unaltered at 90°. In 
the monoclinic system the clinopinakoid 6 jOlOI, the plane of symmetry, 
remains always at 90' to the orthopinakoidal forms, the mutual angles of 
which, however, change with the temperature. 

The cubical expansion of a crystal, the thermal expansion of which 
is thus represented by a triaxial ellipsoid, is the sum of the three linear 
coefficients of expansion along the three axes. For when the expression 
for the expansion of the solid, the product of the three linear expansions 
along the three rectangular axes of the thermal ellipsoid, is examined, 
it is found (just as in the case of a homogeneous non-crystalline or iso- 
tropic substance already dealt with in detail) that only two terms in it 
affect the fourth significant figure in the coefficient of expansion, namely, 
the sums of the 3 values of a and of h respectively. 

The practical determination of the thermal ilatation of crystals will 
be dealt with in the next chapter, as a new, highly important and useful 
experimental principle, that of measurement in wave-lengths of light, 
is involved, the method of the interferometer. 



CHAPTER LVII 


THE INTERFEROMETRIC DETERMINATION OF THE THERMAL EXPANSION 
OP CRYSTALS — GENERAL USE OP THE INTERFEROMETER IN FINE 
MEASUREMENT 

The determination of the coefficient of expansion of so small a body as a 
crystal usually is obviously demands a very much more sensitive experi- 
mental method than is suitable for substances obtainable in greater mass. 
Such a delicate and refined method is that devised by Fizeau in the 
year 1864,^ which utilises the production of interference fringes and 
employs them as a natural scale of half wave-lengths of light. This 
innovation has during the last few years been developed to a very im- 
portant extent, the method or process being of wide application and 
generally known as Interferometry,” and the instrument employed as 
the “ Interferometer." 

The original process employed by Fizeau, for the determination of 
the thermal dilatation of crystals, depends essentially on the measure- 
ment of the difference of expansion of the crystal and of a small platinum 
tripod, composed of three screws of fine pitch, screwing through a little 
table on which the crystal is supported. This measurement is effected 
by observing the alteration of the thickness of the film of air between 
the upper plane surface of the crystal and the lower plane surface of a 
plano-convex lens supported over it by the three screw-legs of the tripod, 
on the tops of which the lens rests. Interference fringes are generated 
between the light reflected from the two surfaces, and when the thickness 
of the air-film separating the two alters, owing to the difference of expan- 
sion of the two substances forming the crystal and the tripod, the fringes 
also move, and for every fringe that passes a reference spot an alteration 
of thickness of the air-film at the spot has occurred equal to half the wave- 
length of the light employed. For the light derived from the second 
reflecting surface has to traverse the air-film twice, on its incidence and 
after its reflection, so that each alteration of thickness of the Jim equal 
to half a wave-length is equivalent to a whole wave-length of retardation 
or difference of patji of this light behind the light derived from the first 
reflecting surface, thus corresponding to repetition of the same phenomenon 

^ H. Fizeau. Compt. i^nd., 1864, 58, 923, and 1866, 62, 1133 ; Ann. Chim. Phys., 
1864, [4], 2, 143, and 1866, 8, 335; see also J. K. Ben6it, “ Etudes sur I’appareil de 
M, Kzeau pour la mesure des dilatations,” Trav. et Mim. du Bur, internai. des poids 
et memres, 1881, 1, 1, and 1888, 6, 1. • 
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of light or darkness, the phases being similar. Hence, if an interference 
dark fringe were over the reference spot before the alteration of thickness, 
the next fringe would have replaced it over the spot at the completion 
of the alteration equal to a half wave-length. Aether a fringe (total 
extinction of light) or a bright interval (of no interference) is over the 
spot depends on the total retardation (difference of path), that is, that 
due to traversing the ifiJm plus the constant half-wave-length change of 
phase due to one 'reflection from a denser medium (the crystal) into a 
lighter (the air-film) medium, as explained in Chapter XLII. (p. 892) 
in connection with Newton’s rings. Hence whole wave-lengths (even 
numbers of half wave-lengths) of retardation of one of the two beams of 
light behind the other, due to the extra double passage of film alone, corre- 
spond to the dark fringes and odd numbers of half wave-lengths to bright 
intervals. Fizeau employed sodium light, as the fringes are only produced 
in monochromatic light, and they are the sharper, and visible for greater 
thicknesses of the air-film, the more perfect the monochromatism. 

Now, as is well known, sodium light corresponds to two lines of the 
spectrum, of wave-length 0 ’0005896 mm. and D 2 of wave-length 
0*0005890 mm. The light waves from these two sources consequently 
periodically interfere, such so-called “ secondary interference ” causing 
intermittent disappearance of the interference bands as the thickness of the 
air-film regularly increases. Hence, although sodium light served Fizeau’s 
purpose, care being taken to avoid the positions for maximum secondary 
interference, it is not an ideal light to use for interference work. More- 
over, the original Fizeau apparatus does not lend itself to micrometric 
measurement, nor does it fulfil one of the conditions for complete inter- 
ference of the rays of light, namely, normal incidence of the rays on the 
reflecting surfaces. Both these defects are corrected in an improved 
form of apparatus devised by Abbe and employed by Pulfrich,^ but 
even this new form suffered from the fact that the telescope was arranged 
over the hot air-bath. This, and a few other inconveniences, have been 
corrected and eliminated in a later form of apparatus of more general 
application constructed for the author,® and employed in the determination 
of the thermal expansion of the crystals of the alkali sulphates, of the 
metals nickel, cobalt, and aluminium, and of the alloy of platinum with 
10 per cent of iridium, of which alloy the interference tripod is constructed 
in the author’s apparatus. Fizeau used platinum and Benoit (the appar- 
atus otherwise being that of Fizeau) the same Pt-Ir alloy as the author, 
while Abbe and Pulfrich used steel or quartz. The apparatus has also been 
employed for the important determination of the thermal expansion of 
the fine porcelain of which air or other gas thermometers are constructed, 
and also 'of that of a variety of glasses. The experience gained with these 
determinations has enabled the dilatometer to be brought to such a state 
of perfection as to render its interferometer portion not only of particular 
value for the determination of the thermal expansion of crystals, but of 

^ Zeitachr, fUr Instrumentenkunde, 1893, 365. 

» PhiL Trans., A, 1898, 19J, 313 ; 1899, 192, 466 , Proc. Phys. 80 c., A, 1899, 66 , 
161 and 306; 1902, 2^,631. 
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general convenience and application to the measurement of minute 
amounts of motion or short distances in general. It is constructed by 
Messrs. Troughton & Simms. 

The Interference Dilatometer. — The dilatometer is shown in Fig. 887. 
It consists of two separate parts, mounted on a rigid slate table 5 feet 
6 inches long to the right and to the left on independent pedestals, the 
left one carrying the interference apparatus in a suspended manner, so 
that it can be immersed in a cylindrical double air-bath of copper, lined 
outside with asbestos. Sections of <the optical trains of the two parts are 
given in Figs. 888 and 889, and the lettering in the following description 
refers to these sectional drawings ; 



The right pedestal carries the observing telescope, a in Fig. 888, which is of auto 
collimating character, in order to ensure the normal incidence already referred to. 
It is shown in Fig. 890 in the manner in which the observer regards it from the end 
of the slate observing table. At the common focus of the objective 6 and eyepiece 
m QX n the optical tube a is constricted by a diaphragm g with a fixed maximum 
aperture, which can be lessened to any extent by an iris diaphragm / ; the right 
half of this circular aperture, as the observer stands at the right end of the long slate 
table looking through the telescope, is closed by a small totally reflecting prism h, 
which receives the rays from the source of light, which is an ordinary goniometer 
lamp, when white light is used in preliminary adjustments, and a hym^ogen, neon, 
mercury, or cadmium Geissler tube uv when observing in monochromatic light. The 
rays are concentrated on the little prism by a suitable lens d carried in an inner draw- 
tube t at the end of a short elbbw tube e attached perpendicululy to the telescope 
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opposite the reflecting prism h, and the rays are reflected by the latter towards the 
objective b, the focus of which is adjustable by rack-and-pinion movement of the 
draw tube q. The side tube e carries the Qeissler tube fitting as a readily detachable 
accessory, a tube w carrying it slipping over the collimator e and being adjustable by 
rack and pinion, which move an outer tube actually supporting the fitting z, in order to 
attain the right focus of the capillary t>, the brilliantly illuminated section of which is 
the source of light ; vertical and sideways adjustment of the end-on capillary is secured 


by two centring move- 
ments y for the tubuiar 
holder z of the sup- 
ported wide limb of 
the H-shaped Geissler 
tube. 

The telescope is 
adjustable for height 
by the stout rack and 
pinion of the pedestal, 
and for azimuth and 
altitude by fine mo- 
tions ; it is also adjust- 
able in two rectangular 
directions by a pair of 
movements at the base 
of the pedestal. The 
aperture of the prism 
face looking towards 
the objective is re- 
stricted by the inser- 
tion of any one of a 
series of rectangular 
“ stops,” an oblong 
aperture in a metallic 
strip k provided with 
handle, which latter 
enables the strip to be 
pushed down into a 
slot cut for it in the 
optical tube, the strip 
nearly touching the 
prism face. The aper- 
ture of the stop usually 
employed is 3 by 2 
millimeters, and it is 



Fio, 889. — Section of Suspended Tube, Interference Apparatus, 
and Air-bath. 


cut out of the strip 


very close to one of the long edges of the latter, that one which when in position occupies 
the vertical diametral line of the whole iris aperture of the optical tube. This brings 
the little rectangular aperture, which may be regarded as the direct sourge of mono- 
chromatic light for the production of the interference bands, quite close to the axis of 
the telescope, thus praotically securing normal incidence ; for after returning from the 
interference apparatus the rays are arranged to arrive at the iris aperture just in the 
open half, so as to be visible to the observer looking through the eyepiece, and within 
a couple of millimetres of the origin-stop itself. The stop-aperture and its image are 
thus symmetrically arranged on each side of the optical axis of the telescope, very 
nearly touching each other and the optical axis bisecting the narrow strip between 
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them. The stop-aperture is of course hidden from the observer by the prism case, 
which cuts ofif the right half of the circular fieldf and only the light forming the image 
of the rectangular stop is visible and passes to the eye. except for a trace of scattered 
light just adequate to render the open half of the field visible (see Fig. 904. image AB). 

Two eyepieces are provided, one being a single-lens plano-convex eyepiece m 
magnifying four diameters. When this eyepiece is used and adjusted to its proper 
position the semicircular field (half of the iris aperture) just referred to is clearly 
focussed, being at the common focus of the objective b and eyepiece m, when the whole 
telescope is adjusted (or parallel rays ; when the interference app'aratus is in position 

the images of the rectangular 
stop are clearly focussed also, 
the image corresponding to 
the light reflected from the 
glass surface lying on the 
tripod screws being situated, 
as just indicated, quite close 
to the vertical diameter which 
sharply divides the dark almost 
invisible half from the more 
or less illuminated half of the 
circular field. The other eye- 
piece w is a positive two-lens 
(o) micrometer eyepiece carry- 
ing two vertical spider-lines, 
one moved horizontally par- 
allel to itself by the milled- 
headed drum b' on one side of 
the micrometer box, while the 
drum c' on the other side 
moves both simultaneously. 
Each drum is divided into a 
hundred parts, and the 
function of this micrometer 
is to enable any interference 
band to be brought parallel 
to and to lie totally between 
the pair of vertical spider- 
lines, and so that both the 
position of this band and its 
distance from its adjacent 
fellows on either side may be 

accurately determined, as well 
M. 890, -Ih. Auto-coUhnatlng TelMCOpe. ^ 

is, the interval between two bands, in drum divisions ; the fraction of any band which 
may have partially passed the reference centre is at once afforded by these data. The 
central line between the two spider-lines is not the direct, but only the secondary 
ipeference position, the primary one being the centre of a minute silvered ring carried 
at the centre of the upper of the two interference surfaces (the lower surface of the 
glass plate laid on the tripod screws), in order that no error dpe to movement of the 
telescope may influence the results, the reference centre and the bands having the 
ideal commpn focus. The pair of spider-lines are set symmetrically, one on each 
side of the reference centre of the ring, so as to cut off minute equal chords on each 
side from the inner circular boundary of the ring, in order to determine the position 
of the ^ehtre of .the latter, in a manner which will be clear from Fig. 891, which shows 
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a l^ioal field of interference bands aa seen in the micrometer eyepiece of the tele* 
scope. For when this second eyepiece no, with an additional lens p, is used the 
field observed through it is no longer semicircular but circular, the reference silver ring 
being focussed (that is, the surface of the glass plate in contact with the tripod screws 
is in focus) instead of the iris diaphragm aperture, and when the interference apparatus 
is adjusted the bands are also visible and in focus. The combination of o and p with 
the objective b in fact converts the optical train into a telescope or a very low-power 
microscope focussing the interference surfaces between which the air-film is enclosed. 

The attachmenir tube n of the micrometer eyepiece is soiyewhat long, in order 
that the additional lens p, converting the telescope into a very low-power microscope, 
may be accommodated in the elongation t its position is adjustable in the tube, 
several short inner tubes of different lengths being supplied, into the end of any one 
of which it screws, to enable the interference bands and the silver reference ring to 
be focussed clearly for 
different distances of the 
interference apparatus 
on its separate pedestal. 

One of these additional 
inner tubes is shown at 
p'. Usually only two 
are needed, one for close 
approximation of the 
two pedestals during 
adjusting operations, 
and another for the 
maximum separation 
during actual observa- 
tions. 

This second pedestal 
to the left is similar to 
the one on tlie right, 
being capable of con- 
siderable vertical elon- 
gation by the strong 
rack and pinion. It 
bears at its upper ex- 
tremity a counterpoised 
arm, q in Fig. 889, from 
which tlie interference 
tube p is suspended. This is constructed in part of Berlin porcelain, in order to mini- 
mise conduction of heat from the interference chamber c which it carries at its lower 
extremity ; the attachment between porcelain and metal is made by means of flanges 8 
on the porcelain and annular springs u and securing-rings v and t, in such a manner 
that the difference of expansion is afforded free play. At the- upper extremity a pair 
of refracting prisms are carried, adjustable for azimuth by the mode of attachment 
of their metal carrier-slide to an inner tube w, provided with a flange above, bearing 
the rabbeted guides for the carrier-slide of the prisms, this tube w rotating within 
the fixed tube r without vertical movement. The prisms are also each independently 
adjustable to minimup deviation, a pair of silver divided arcs, and indicators on 
the axes of the prism frames, being provided, best seen in Fig. 887, to enable this 
setting to be immediately.recovered if ever it be disturbed for any other purpose. The 
refracting prisms are replaceable for adjustment purposes by a single large totally 
reflecting prism, shown separately to the right, and carried on a similar slider in a 
detachable upper part 'x of the flange of the inner tpbe w. 
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The angle of the two refracting prisms is such that the total deviation produced is 
exactly 90® for sodium light. They may be rijplaced if desired (although with less 
dispersion) by a single Hilger constant-deviation prism, affording a regular deviation 
of 90®. This alternative dispersing apparatus has proved very satisfactory in the 
interferometer devised by the author in connection with the Wave-Length Standard 
Comparator constructed under the author’s supervision for the Standards Depart- 
ment of the Board of Trade, and described in the next chapter. Hence, its use can 
confidently be recommended in this or any other adaptation of the author’s 
“ interferometer.” ^^or the optical part of the dilatometer c6n8titute8 an inter- 
ferometer of general applicability to the measurement of minute distances or 
quantities of motion. 

The parallel beam of monochromatic light received by the dispersing prisms (or 
prism) from the telescope — the objective of which is filled with light from the little 
rectangular stop at its focus, in front of the small reflection prism — is thus deflected 
downwards at right angles along the axis of the interference tube p to the inter- 
ference tripod a. The latter is supported in a detachable chamber c, which is attached 
by a screw-thread / carried by its perforated roof-plate d to the bottom of the inter- 
ference tube. The greater part of the walls of this little chamber are cut away so 
as to leave three wide windows, through any one of which the interference tripod 
can be introduced. The roof d of the chamber is pierced by a central aperture an 



(a) (6) (f) 

Fig. 892. — The Interference Tripod of Platinuiu-lrldium and throe Modes of its Use. 


inch in diameter, closed by a glass plate e to bo referred to directly, as it forms part 
of the interference apparatus ; it is held in a rabbet, through which a pair of small 
tilting screws are driven, in two positions 120® apart, in order to give the plate a 
slight inclination from normality to the vertical axis of the whole tube. The chamber 
terminates below in an adjustable floor g, the level of which can be adjusted by three 
screws h, which push it away from a base k rigidly attached to the bottom of the 
chamber n by a screw annulus o, a strong spring I holding the floor tightly down 
on the screws. The interference tripod a does not rest directly on the gun -metal 
floor flf, but on a glass plate 6, which is separated from gf by a thick disc of asbestos. 
Conduction away of heat from the tripod is thus reduced to a minimum. 

The interference apparatus, the essential part of the whole instrument, is shown 
two-thirds its real size at (a), (6), and (c) in Fig. 892, which represents three methods of 
its use. It consists of a tripod of platinum-iridium, the three legs of which are stout 
screws of fine pitch, with roundly pointed ends, and each furnished near the bottom 
with a milled head for rotating purposes, the fine adjustment of these screws being the 
means of adjusting the interference bands. The screws pass through three arms 
radiating from a thick table, also of solid platinum-iridium (10 per cent, of the latter 
metal being present in the alloy), and three small tightening, screws of the same alloy 
secure the large screws in the adjusted positions at the right height above the table, 
the arms having each a saw-cut to facilitate the tightening. One surface of the 
table, the upper one at (c) in Fi^ 892, is polished a true optical plane. The other 
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surface of the table, the upper one a|t (a) and (6) in Fig. 892, bears three ooncentrio 
sets of raised points, each set consisting of three points of equal height, but the sets 
increasing in height as the centre of the table is receded from. These points are 
intended for the support of the crystal or other object the thermal expansion of which 
is to be determined, which requires to be furnished with two parallel surfaces, as 
shown at (a) in Fig. 892, one of the sets of points being found suitable to the dimensions 
of the lower of these two surfaces. The upper surface of the crystal or other object 
must be ground and polished a true plane. The largest size of object which it is 
convenient to employ is 25 millimetres (one inch) in diameter, •and 12 millimetres in 
height (thickness). A cylinder of black gla|s of these dimensions is the object shown 
as under investigation at (a) in Fig. 892. 

The height of the screws projecting above the table top is regulated so that the 
upper terminations of the screws are just higher than the upper surface of the object 
when the latter is resting on the table points. A thick circular glass plate is then 
laid over the screws, a film of air being thus -left between the under surface of the 
plate and the upper surface of the object. These are the two surfaces which are 
caused to reflect the light waves which interfere. The lower surface of the object, 
when the latter is transparent, is ground just sufficiently to prevent any reflection, 
while both surfaces of the glass plate are polished truly plane, for the light has to 
traverse the glass plate twice in going to and returning from the object surface. Hence, 
there is a disturbing reflection from the upper surface of the glass plate, not required 
for interference purposes, and this is eliminated by making the two surfaces inclined 
at a minute angle, 35 minutes being the most convenient amount, instead of employ- 
ing a parallel-surfaced plate. This small amount of inclination is just adequate to 
deflect the undesirable upper reflection to one side of the semicircular aperture c in 
Fig. 888, and behind the iris diaphragm/. The device introduces, however, a little dis- 
persion, such a plate being really a prism of small angle, and this in turn is corrected by 
means of a duplicate wedge-plate oppositely arranged, the two being cut from the same 
carefully prepared plate having truly plane surfaces inclined at 35'. This countervailing 
wedge-disc is the smaller one, e in Fig. 889, of 27 mm. diameter already referred to as 
closing the aperture in the roof d of the interference chamber ; the two little tilting 
screws in the rabbet supporting the disc serve to give it a slight inclination at right 
angles to the direction of the wedge and in a plane parallel to its edge. This direction 
is clearly marked on both plates by two engraved dots at that end of the diameter 
perpendicular to the edge of the wedge whore the latter is thickest, and a single dot 
at the narrower end. Both the reflections from the countervailing wedge-disc are 
thus deflected out of the field, behind the iris diaphragm. Hence, the only light 
passing to the eyepiece through that diaphragm is that reflected from the upper surface 
of the crystal or other object under investigation, and from the lower surface of the 
large glass wedge-disc resting on the screws of the platinum-iridium tripod. This lower 
glass surface is the one which bears at its centre a miniature silvered ring, which serves 
as an excellent reference spot, the movement or position of the interference bands 
being measured with reference to the centre of the ring, as will be clear from Fig. 891. 

In the not uncommon event, especially in the case of artificial crystals, of the 
surface of the crystal or other object not taking a good polish, the author places over 
it a disc of aluminium, the expansion of which is accurately known, an exhaustive series 
of determinations of the expansion of aluminium having been carried out by«the author 
in the year 1898,^ by using a block of the metal slightly over 12 mm. thick, similar 
to the black glass block shown at (a) in Fig. 892. Aluminium has three advantages, 
the first being that its expansion is 2'6 times as great as that of platinum-iridium. 
Hence, it is easy to selectia disc of such thickness as will approximately compensate 
for the expansion of the platinum-iridium screws, and thus an immediate indica- 
tion of the real degree of expansion of the crystal or other object is afforded by the 
. 1 Phil Trarm. Roy. Soc., A, 18^8, 191, 360. 
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alteration of the thickness of the air-filni» instead of merely the differential expansion 
of object and screws being observed. No attempt is made at absolute compensation, 
the actual expansions of the aluminium and screws being of course taken into account 
in the calculations ; but it is often a convenience to see at once the kind of expansion 
that is occurring, and in the occasional cases of contraction the unusual fact is at once 
indicated. In the second place, the surface of aluminium just takes that not too 
brilliant degree of polish as causes the reflection to be of about the same intensity 
as the partial reflection from the lower surface of the glass cover-wedge. Thirdly, 
aluminium is particnlarly light, and does not compress the crystal appreciably. 
Such a case is that shown at (6) in Fig.^ 892. A crystal is represented standing on 
the intermediate set of three points of the tripod table, and an aluminium disc, also 
furnished below with three points, is seen resting in turn by the latter on the crystal. 
Still another case of the use of the aluminium disc is shown at c, where a specimen 
of Bayeux porcelain, a piece of tube 12 millimetres high, very inconvenient in itself 
for the production of interference bands, is seen as arranged for a determination of 
its thermal expansion ; the planely ground upper and lower parallel terminations of 
the piece of tube were cut away extensively at three places in each case, to enable the 
porcelain to rest by three-point contact on the platinum-iridium table (the other 
surface, not furnished with points, of the table being employed in this ease), and to 
permit an aluminium disc to rest in a similar manner on the porcelain. 

In making a determination of expansion the interference tube carried by the second 
pedestal is immersed in the inner chamber of the double air-bath of copper (the outside 
covering of asbestos of which retards loss of heat by radiation), until about one-third 
of the porcelain tube is below the level of the top of the bath, the interference chamber 
then occupying a position slightly below the centre of the bath. The inner bath y in 
Fig. 889 is closed by a lid, fitted together in two parts when the interference apparatus 
is in position. Two thermometers are inserted through tubulures into the inner bath 
y, and a Muencke thermostat into the outer bath z, which with the aid of a Stott 
governor and a tap with long lever arm moving over a divided quadrant-arc, seen in 
front of the right pedestal in Fig. 887, enable an excellent control to be obtained 
over the temperature, by affording delicate regulation of the gas supply to the Fletcher 
ring burner arranged beneath the air-bath. The actual temperature of the interference 
apparatus, however, is measured by a special thermometer suspended in the inner 
bath alongside the interference tripod, and bent at right angles just above the bulb, 
in order that the latter may actually lie on the platinum-iridium table quite close 
to the crystal or other object, where it is secured by tying it to the nearest leg of the 
tripod with a silk thread. 

The Determination of Thermal Expansion.— The interference apparatus 
is first adjusted to afford a suitable field of bands, of the nature shown in 
Fig. 891. During this and all other preliminary adjustment the left 
pedestal is brought up towards the right one (which always remains near 
the right observing end of the slate table), so that the upper prism of the dis- 
persing apparatus is about an inch removed from the objective end of the 
telescope. When the colourless glass 35' wedge-disc is laid over the screws 
of the platinum-iridium tripod, the crystal or other object under investiga- 
tion with or without the aluminium disc being already in position on the 
table of the tripod, the height of the screws projecting through the table is 
so regulated that an apparently parallel-surfaced film of air of half a milli- 
metre or slightly more thickness is left between the crystal or aluminium 
surface and the lower glass surface. The large total reflection prism should 
then be placed in position at the top of the interference tube instead of 
the two refracting prisms, apd the images of the little rectangular stop in 
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front of the small reflecting pris,pi of the telescope are reviewed in white 
light, using the ordinary goniometer lamp and the common eyepiece m, 
as reflected from the two surfaces in question which afford the inter- 
ference. Three other images are also seen, derived from the second surface 
of the glass wedge-disc and the two surfaces of the countervailing wedge- 
disc, and all four images derived from the two wedge-discs are adjusted 
en echelon to occupy the corners of a rhombus ; for then the four verti- 
cally arranged spectra corresponding (produced when lh.e two refracting 
prisms are reinstated in position) will^not overlap and interfere, and will 
in fact be separated to an extent which will enable the iris diaphragm 
to shut off all but the one from the surface next to the crystal or aluminium 
surface, which alone is wanted. This right one may be readily identified, 
for it is one of the two which move when the glass disc lying on the screws 
is touched ; when the disposition of the wedge is known, as it always will 
be, never altering, the correct one of the two is at once known. For it 
will always be either the right or left of these two, according as the thicker 
part of the wedge is known to be arranged. 

The image from the surface of the crystal, black glass demonstration 
block, or other object, or the aluminium disc, may also be identified as 
a fifth independent image, some distance from the others unless the 
parallelism of the surfaces has been well attained, by touching the 
object for a moment, which causes the image to tremble ; and this 
fifth image is then made by adjustment of one, or, if necessary, two 
of the platinum-iridium screws, to approach the one derived from the 
surface of the wedge-disc which has just been recognised, and eventually 
partially to overlap and almost cover the latter. Fig. 904, representing 
the similar five images afforded in the interferometer of the wave-length 
comparator, will render the arrangement clear, the only difference being 
that the spectra are horizontal in that apparatus and vertical in the 
dilatometer interferometer now under discussion, and that the pair of 
images from each disc are in the same vertical line with each other 
instead of being en khelon. Generally it will be found that these two 
images relevant to the interference (A and B in Fig. 904) should be at 
precisely the same vertical height in the field, and that they should 
overlap horizontally to about four-fifths of their extent, in order to 
secure the conditions for the production of vertical interference bands of 
a width equal at least to one hundred drum divisions of the micrometer 
eyepiece. If now (1) the large totally reflecting prism be replaced by the 
two refracting prisms, (2) the common eyepiece m be replaced by the 
special one n provided with micrometer, the lens p being in its shorter 
draw-tube, and (3) the goniometer whitcslight lamp be replaced by the 
hydrogen Geissler tube excited by the induction coil (or by a transformer 
giving a suitable high tension alternating current, with the aid of a 
converter if the supply current be continuous, with a carbon filament 
lamp resistance in series with the primary of the transformer), the inter- 
ference bands will themselves be seen conveniently spaced and vertically 
arranged as expected (Fig. 891), as dark rectilinear bands on a brilliantly 
illuminated ground in the colour corresponcjing to the wave-length for 



1316 


OBT8TALLOQRAPBY 


PART IV 


which the telescope had been adjusted for altitude, generally that corre- 
sponding to the red line of hydrogen. If the bands, however, do require 
some slight adjustment for width or parallelism to the spider-lines, it can 
be readily attained by slight further manipulation of the tripod screws. 
The altitude adjustment screw of the telescope carries a sharp edged 
disc indicating on a vertical scale suspended alongside ; the scale 
readings for the adjustment of the spectrum lines most used, to the 
centre of the field, have once for all been determined, with the aid of 
a special slit-stop temporarily replficing the oblong stop k. 

The bent thermometer is now attached in its place. The left pedestal, 
with the whole of the apparatus suspended therefrom, is then moved to 
a suitable marked position about four feet away (measuring from the 
central vertical axis of the one column to that of the other) from the 
right pedestal carrying the observing apparatus, in order that no heat 
may reach the latter, large mica screens being also erected between the 
two parts of the apparatus, and between the air-bath and the dispersing 
apparatus, when all is ready, to assist still further in preventing any 
heating of the optical parts. The left pedestal is mounted on a mahogany 
base-board, covered below with broadcloth to facilitate sliding, and 
supplied with two handles to enable it to be drawn gently and steadily 
into the desired marked position at the left end of the smooth slate table 
without any disturbance of the interference apparatus. 

The interference bands should now be reviewed after the transfer- 
ence, with the movable lens p of the micrometer eyepiece readjusted in 
the proper (longer) draw-tube corresponding to the longer-focus position. 
The suspended tube is then gently raised by the pedestal rack and pinion, 
while the air-bath is placed in position on its annular support over the 
ring of gas burners ; the tube is then as delicately lowered into its correct 
position in the bath, as indicated by a mark on the pedestal lengthening 
shaft ; and the lid, thermometers and thermostat, together with asbestos 
and mica screens to ward off draughts and the convection currents, all 
fitted into their proper places. The bands are then finally reviewed, in 
order to be sure that no derangement has occurred, and their position 
for the ordinary temperature, read on the bent thermometer, is determined 
rfter a reasonable interval has elapsed for temperature equilibrium to 
have been established. That is, if a band does not happen to be placed 
exactly between the pair of verticrl spider-lines, and over the reference 
centre of the silvered ring carried by the undej: surface of the glass cover- 
wedge, as shown in Fig. 891, which will only rarely occur, the fraction 
of a band, the interval between the reference spot and the centre of the 
nearest band, requires to be determined. To do this we measure the 
width o4a band in drum divisions (the interval between the centres of the 
two bands nearest to the reference centre), and the distance of the next 
band (the distance of the reference centre from the 'centre of the nearest 
band) also in drum divisions, when the quotient of the latter over the 
former is either the fraction of a band required' or the complementary 
fraction, according to the direction in which the bands move when 
the heating commences. The object in producing rectilinear bands^ 
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rather than circular interference rings or the curved fringes afforded by 
the lenticular cover-glass of Fizeau — is to render them suitable for 
such micrometric measurement, and to obtain a field containing several 
straight dark bands as narrow parallel lines separated by broad brilliantly 
illuminated interspaces, so that the distance between the blackest central 
part of two adjacent bands can be determined by measuring it between 
five or six successive pairs of bands, the average of which will give a 
very accurate quantity for the true “ width ” of a bancJi As the drum is 
divided into a hundred parts, and as matters are so arranged that a con* 
venient width to which to adjust the bands, which still enables about a 
dozen of them to be visible in the field at once, corresponds to one drum 
revolution, the interval between two consecutive bands can thus be sub ■ 
divided into a hundred parts. 

Now each pair of consecutive black interference bands correspond 
to a difference of thickness of the air-film at the two positions where 
they are produced of half the wave-length of the light which is 
interfering. For the light has to traverse over the distance between 
the two surfaces reflecting the light; once in approaching the second 
surface, and again in returning therefrom after the reflection thereat. 
Hence, a half wave-length of change of thickness of the air-film corre- 
sponds to the whole wave-length of retardation, of the light reflected 
from the lower of the two surfaces (crystal) behind that reflected from 
the upper one (glass), necessary for identity of phase of the light, and 
therefore for the repetition of the light (a bright band) or darkness (a dark 
band) started with. If either of the reflecting surfaces be moved in the 
direction of its normal, keeping it parallel to itself, the bands also move 
parallel to themselves, and for every black band which has moved past 
the centre of the reference ring the moving surface has actually travelled 
through a distance (opposite this spot) equal to the half wave-length of 
the light employed to produce the bands. The diameter of the silver ring 
is arranged to be just a trace greater than the separation of the spider- 
lines, so that a little segment can be arranged to show outside each (see 
Fig. 891) when the spider-lines are “ adjusted to the centre.” The gross 
unit of the interferometer scale, formed by the black bands themselves, is 
thus the half wave-length of the monochromatic light employed to produce 
the bands, and this being divisible into 100 parts by the micrometer, the 
actual unit is the two-hundredth part of the wave-length . The observer can 
actually divide the distance between the two consecutive bands readily by 
the eye and judgment alone into ten parts, even without the micrometer. 

The light employed for all ordinary purposes is that of the red 
hydrogen ray Ha, the C of the solar spectrum. The wave-length of this 
light is 0*0()06562 millimetre or of an inch, and the half wave- 
length consequently 0-0003281 mm., or of a millimetre, or 
of an inch. The one-hundredth part of this is the unit of measurement 
of the instrument, namely in round numbers, the three-hundred thousandth 
part of a millimetre or the eight-millionth part of an inch. 

If the air-film between the closely adjacent reflecting surfaces were 
of equal thioknes| throughout — that is, if th^ truly plane surfaces were 
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strictly parallel— alternate fields of the brilliant monochromatic light 
and of jet-black darkness would be observed as the distance of separation 
of the surfaces was varied by moving one of the surfaces normally and 
parallel to itself. But when the air-film is made slightly wedge-shaped, 
by tilting one of the discs, then rectilinear interference bands (lines of 
extinction) are produced, parallel to the edge of the wedge, the width of 
which diminishes as the tilt increases and which rotate if the position of 
the edge of the aw-wedge (that is, of the direction of tilting) be altered. 

The thickness of the air-film should theoretically not matter if the 
light were absolutely monochromatic, that is, if the spectrum line corre- 
sponding to it were single and absolutely unresolvable into a double 
line or a triplet by extreme dispersion. But the only line that has yet ab- 
solutely resisted resolution is the red line of cadmium vapour, wave-length 
0*0006438 mm., and with light corresponding to this wave-length the 
bands can still be seen when the surfaces are a decimetre apart. With 
light of the wave-length of the green mercury line, wave-length 0*0005461 
mm., the interference bands are still visible for a separation of the surfaces 
of between one and two centimetres. With red C-hydrogen light, the 
surfaces must not be further apart than about three millimetres. Between 
half a millimetre and a millimetre is the best distance of separation for 
brilliant bands either in the red C-light, or in the greenish-blue F-hydrogen 
light of wave-length 0*0004861 mm. Both these lines are close doublets. 

The author has also been experimenting lately with Geissler tubes of 
neon, the yellow-line radiation of which, of 0*0005852 mm. wave-length, 
is also homogeneous to a remarkable degree of perfection (although it is 
not yet quite certain that it is so unresolvable as the red line of cadmium), 
and the yellow light of which gives splendid illumination ; neon tubes are 
also convenient in working at the ordinary temperature, like hydrogen 
tubes, and thus requiring no extraneous heating, whereas cadmium tubes 
require to be heated to about 200-250° C. 

The author has also used vacuum tubes of helium and argon, the light 
of the yellow helium line D 3 being particularly suitable for the production 
of brilliant bands. Its wave-length is 0*0005876 mm., and as regards 
resolution it is either a single line or a very close doublet, so close that 
secondary interference is not perceptible. It also goes without saying 
that instead of Geissler vacuum tubes containing cadmium or mercury, 
the enclosed cadmium-vapour arc lamp or mercury-vapour lamp of 
Dr. Sand (Fig. 722) constructed of quartz glass, or the special form of 
Cooper-Hewitt mercury lamp shown in Fig. 7226, may be used, and are 
very efficient and convenient sources of monochromatic light. They are 
described on pages 971 and 973. 

The •measurement of the position of the bands having been made, 
and the temperature of the inner bent thermometer read by a small 
telescope on a stand near the first pedestal, seen in'* Fig. 887, and which 
also carries a circular screen to shade off the glare from the Geissler tube, 
the double ring of Bunsen gas jets is ignited and turned very low, in 
order to raise the temperature of the bath very slowly. The bands are 
carefully observed, the R»ahmkorff coil being intermittently actuated 
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every few seconds as the ban(Js begin to move. The passage of each 
band is noted as it passes between the vertical pair of spider-lines ; indeed 
the author finds it the safest course to note every quarter of a band, 
being then sure that no band has escaped being counted. When the 
temperature approaches the neighbourhood of the first higher limit, 
usually about 60° C., it is carefully controlled by means of the graduated 
gas tap, and eventually brought to constancy, at which it is maintained 
for a full hour, ohe bands having almost simultaneougly ceased to move. 
The temperature of the bent thermometer is then again read, and if the 
last band does not happen to have stopped in the central adjusted position, 
but has gone somewhat further, as usually occurs, its position with respect 
to the reference spot and the band width is determined, in order that the 
last fraction of a band may be calculated. The gas may then be turned 
higher and the temperature again slowly raised to the higher limit, about 
120°, the bands which effect their traverse during the process being 
counted as before. Constancy is again brought about for an hour at 
this higher limiting temperature, and the last fraction of a band measured 
when the bands have settled into perfect repose. 

The operations should take a minimum of five hours, but need never 
exceed seven hours altogether. By raising the temperature thus slowly 
the chance of cracking the crystal is minimised, and the temperature of 
the platinum-iridium tripod and its contents follows closely after that 
of the inner air-bath. It is much more satisfactory thus to watch the 
process throughout, than to make observations with several wave-lengths 
and obtain the number of bands by calculation, a method described by 
Pulfrich {loc. cit.). After the apparatus has cooled down again the 
lengths of the platinum-iridium screws above the table, the thickness 
of the crystal, and that of the aluminium disc when one is used, are to 
be measured by the thickness measurer in situ, under the reference spot. 

Determination of Thickness.- A convenient and very accurate thick- 
ness measurer is shown in Fig. 893. 

It consists of a vertical rod a with a silver millimetre .scale b, susi^eiulcd from gimbals 
c in a nearly counterpoised manner, with the aid of a cord passing over a pulley d and 
a weight e. The rod terminates below in a rounded agate point, which is lowered on 
to the upper surface / of the object g, the thickness (height) of which, above a tjiick 
glass plate h intended for its reception, is to be measured. The scale is read by a low- 
power microscope k, provided with a micrometer eyepiece /, the drum m of which is 
divided into 100 parts. The scale is divided directly into fifths of a millimetre, and 
two rotations of the micrometer drum correspond to a scale division, so that one 
rotation thus occurs for each tenth of a millimetre. Hence, each drum division 
indicates the thousandth of a millimetre. In the author’s varied experience of all 
modes of fine measurement, the thousandth of a millimetre is the smallest unit attain- 
able with accuracy by mechanical means. For any higlier accuracy recourse must be 
had to a scale of interference bands. The thousandth of a millimetre is just adequate 
for the determination of thickness. For it is the ten- (or twelve-) thousandth part of 
the ten (or twelve) millimetres of thickness given to the object under determination 
for expansion, and this fraction of the total expansion, which an error of one drum unit 
would entail, is smaller than the experimental error of the whole process. It is not 
necessary that the initial thickness should be determined to the unit of the interference 
method, and it is mechanically impossible. « 
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The whole thickness measurer is supported on a solid base n, in which a circular 
shallow recess is cut for the reception of the glahs base-plate h, which rests on three 
points (the ends of three screws) carried in the recess ; a curved pillar o carries in front 
guides for the rod, and behind supports the winch for raising or lowering the scale by 
means of the cord, while a forward arm p bears the microscope. The instrument was 
made by Troughton & Simms, and a similar instrument, but with a different gimbal 
arrangement and other details, is also constructed in an admirable manner by Zeiss. 

On releasing the bent thermometer, and removal of « the interference 
tripod and its contents, except the large glass cover - wedge (which 
is lifted up while the tripod is reiAoved, and then left behind in the 
chamber, inverted so as not to injure the little silvered reference ring), 

the tripod is carried without 
disturbance straight to the 
thickness measurer, on the 
glass-plate base A of which it 
is placed, with the centre of 
the aluminium disc (if used, 
or crystal or other object if 
not) under the agate point of 
the suspended rod a. 

When the height of the 
centre of the top surface of 
the aluminium disc, over 
which the reference ring of 
the wedge-disc had been 
situated, and of that of the 
crystal has been taken the 
disc or crystal (or both, one 
after the other) is removed, 
and finally the height of the 
upper platinum-iridium 
surface is taken. If the three 
points of any of the three 
sets are used, their mean dif- 
ference from (height above) 
the surface is known by 
having determined it for each 
set once for all. The difference of the first two heights gives the thick- 
ness la of the aluminium (if used), and that between the second and third 
heights gives the thickness of the crystal. The height of the plane of 
the tops of the platinum-iridium screws is already known from previous 
measurements ; but it may be freshly determined also at the centre with 
the aid of •a glass disc with truly parallel surfaces and of known thickness 
laid over them. The difference between this and the , height of the table 
top or the mean height of the set of points used is the length I of the 
screws, while the difference from the height of the aluminium (or crystal) 
top surface is the thickness d of the air-film. These thicknesses, thus 
determined all through under the very spot where the reference ring had 
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|)6ezi, are the original lengths actually expanded, according to the indications 
of the movement of the interference bands at the reference spot, and are 
those used in the calculations. 

An example taken at random from actual measurements with the 
alkali sulphates will render the process quite clear. It refers to a crystal 
of caesium sulphate along the direction of the morphological axis h, the 
crystal having had two truly plane broad surfaces ground on it perpen- 
dicular to this direction, by one of which it rested 09 . the tripod table, 
and on the upper of which the aluminium disc rested. 


MEASUaEMENTS OF ThIOKNESS. 



Millimetres. 

Millimetres. 

Height of top of glass disc 

40-867 


Known thiclmess of glass disc 

6-117 


Height of screws 

34-740 

d= *()*145 

„ top of aluminium compensator 

34-696 : 

6-263 

,, ,, ,, crystal .... 

29-342 

L»= 8-379 

„ „ „ tripod table .... 

20-963 

1=13-777 


By making the determinations for two different intervals we are 
enabled to calculate not only the mean coefficient of expansion, but 
also the increment per degree of temperature, as the coefficient varies, 
usually increasing regularly, with rise of temperature. 

The Calculations 0! Thermal Expansion. — The coefficient of thermal 
expansion is signified by a, and it has already been shown that the expres- 
sion for the actual coefficient at any temperature t, as also for the mean 
coefficient between any two temperatures the mean of which is t, is 
a = a + 2 bt. 

The mean coefficient of expansion between 0° and t° is, however, 
a + ht. 

The data afforded by observations of the positions of the interference 
bands at three adequately separated temperatures, and of the number of 
bands passing the reference point during the intervals between these 
temperatures, together with a knowledge of the original thicknesses of the 
block of crystal and of the aluminium compensator, and the length of the 
platinum-iridium screws projecting above the tripod table or its raised 
points, are ample to enable the two constants a and b to be calculated. 
For it is only necessary to insert respectively in three equations of the form 

= Bq(1 +(jU + bt^) 

the known values of the three temperatures and the lengths (thicknesses) 
of the crystal block at those temperatures, and to solve the three equations 
thus provided, for th^ three unknown quantities Lq, a, and b. 

The solution of these equations furnishes expressions for the three 
required quantities of the forms 

a = “, 6 = ^, and = 
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in which 6 and are terms involving the differences of the lengths, 
L^i, Lt 2 , Le 8 , at the three temperatures <i, fg, and fg, and the sums and 
differences of these temperatures. 

The actual expressions for d and <j) employed throughout the observa- 
tions were : 

_ (^1 ^^73 “ L<i) 

(^2 ~ ^1) (^3 “ ^2) (^3 “ ^1) (^3 ~ ^2) 

ih ~ h) ih ~ h) (h ~ ^ 1 ) (^3 ~ ^ 2 ) 


A correction is required for the alteration of the wave-length by the 
large change of temperature, and for any appreciable change of atmospheric 
pressure during the observations. The effect of the latter is almost 
negligibly minute, but the barometer should be read at the time of taking 
each of the three temperatures, in order to be able to use the correction if 
necessary ; and as the correction is included in the same formula as that 
for temperature it is best always to apply it. The effect of change of 
temperature on the wave-length is, however, such as to require a quite 
serious correction, amounting in some ordinary cases in the author’s 
investigations to nearly half a band, and when the expansion of the 
platinum-iridium tripod screws was being determined— -when the air-film 
was the thickness of the whole 12 millimetres of screw length employed 
(green mercury light having been used, hydrogen light not affording bands 
at such long intervals), the lower reflection being directly that of the 
polished platinum-iridium table top (the side without points) — the correc- 
tion amounted to as much as bands. Hence, this is an important 
matter requiring careful attention. The most satisfactory formula is due 
to Pulfrich,^ and is as follows : 


f' =f+d{t2-ti) 


h 1 

760 l+a<i 


1 dta A 




1 + dtn 


n-1 


where f is the corrected number of bands, / the observed number, d the 
thickness of the air layer, and <2 the limiting temperatures, and and hg 
the corresponding barometric pressures, a is the coefficient of expansion 
of air, 0*00367, and n the refractive index of air for the wave-length A 

of. the light employed. The logarithmic values of 2— — v -^— and 2^J 

A 760A 

can be found once for all ; they are respectively 3 *59901 and 3 *15353. 

The logarithms of the factors - ~~ , and ; -^ -7 can be extracted 

760, l+a«j l+a «2 

directly from Landolt’s tables. Hence, the expression, although appar- 
ently long and troublesome, lends itself to very easy 'computation. 

With regard to the sign of the correction, the signs given in the above 
formula for the temperature and pressure portions'are the correct ones for 
use in all cases where the result of the increase of temperature is to effect 
1 Zeitschriftjilr Inslrumentenhinde, 1893, 466, 
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an increase in the separation of jf/he two reflecting surfaces, as in the deter- 
mination of the expansion of the tripod screws. For in such cases the 
effect of change of temperature is to cause the observed numoer of bands 
to be less than it would be if such a change did not occur. The contrary 
is the case when the thickness of the air layer diminishes, as in the deter- 
mination of expansion of a crystal or other object supported on the tripod 
table and the expansion of which is greater than that of the screws ; and 
in all cases involving the use of the aluminium disc, exeept in the few cases 
of contracting substances. In ail these cases of a thinning air-film the signs 
of the temperature and pressure portions of the above formula should be 
respectively - and + . 

The data and calculated results for the thermal dilatation of a crystal of potassium 
sulphate may be taken as a concrete example. The crystal employed had two truly 
plane parallel surfaces ground on it a little over a centimetre apart, and perpendicular 
to the rhombic crystallographic axis a, so that the dilatation was determined along 
this direction. 


Thermal Dilatation of Potassium Sulphate along Axis o. 

Experimental Data. 

Length (thickness) of crystal block .... 10'365 mm, 

la Thickness of aluminium disc 5'237 mm, 

I Length of platinum-iridium screws above table , . 15*786 mm. 

d Thickness of air-film 0*194 mm, 

ti Initial temperature 17*2" 

„ pressure 766*6 mm. 

<2 Intermediate temperature limit 56*4" 

6 , „ pressure ...... 765*0 mm. 

I 3 Final temperature limit 96*6° 

63 „ pressure ........ 763*6 mm. 

X /2 Half wave-length of C-hydrogen light used . . . 0*0003281 mm. 

a=a + 2 bt Mean coefficient of linear expansion of platinum-iridium 
between any two temperatures of which the mean 

iat 10 -» (8600 + 4*560 

Similar mean coefficient for aluminium . . .10*® (2204 + 2*120 

/a Number of interference bands between and . . . . 43*90 

A I, tt f» f^and/j .... 90*42 

Corrected number of int. bands between #1 and . . . . 43*88 

A » » /land #3 .... 90*38 


The two last quantities /'j and /', were obtained by applying the correction referred 
to on the previous page to the observed numbers of bands and A, which effected 
their transit during the two respective temperature intervals. The correction in the 
two cases amounted to - 0*02 and - 0*04 respectively. 

Calculated Actual Amounts of Expansion. • 

DiminuMon of thickness of air-layer = U 8^/2-0*0143970. 

I/', X/2 =0*0296640. 

Eipaiuioii of [ interval =I [l(H (seOO + 4-56 ((, - (,) =0 0064268, 

tripod screws| 2nd „ ^8600 + 4*66 ?l±^jj(/g-/i) =0*01 10887. 



1324 


CRYSTALLOGRAPHY 


PART IV 


Eipamion'of | F” =*• [»®-* + 2-12 H^)] (<i "‘i) =0 0046848, 

2nd „ =ia |^10-» (2204 + 2*12 =0 0096623. 

. / 0-0007408 for Ist interval. 

1. 0-0014364 for 2nd interval. 


Preponderance of expansion of screws over disc = (^ Ist interval. 


As the effect of the expansion of the screws is to increase the thickness of the air- 
film, while that of the dilatation of the crystal is to thin the film, tfie full effect due to 
the crystal is not appa'i-ent, so the above two quantities are to be added to /' 2^/2 and 
/' 3 X /2 respectively, in order to arrive at tht expansion of the crystal. 

,/L,2-L, 1=0-0151378. 

' Ura-L^i =0-0310904. 


Expansion of crystal = 


Calculated Coefficient of Linear Expansion. 
^=0-000 376 23. 

0=0-000 000 148 5. 

Lo = 10-3485. 
a =0-000 036 26. 

6=0-000 000 014 4. 


That is, the mean coefficient of expansion of potassium sulphate along the direction of 
the axis a, between 0 ° and t°, is 

a+ 6 f =0-000 036 26 + 0-000 000 014 U ; 

and the true coefficient a of linear expansion at f, or the mean coefficient between any 
two temperatures the mean of which is f, is 

a=a + 26/=10-«{3626 + 2-88f). 

The result of this particular determination which has formed our 
example was confirmed by seven others, four different crystals being 
employed, all perpendicular to the axis a, and two determinatione on 
different days were carried out with each. The final result was almost 
identical with that of our example, illustrating the extreme accuracy of 
the method, namely, 

®K.so,a (3616 + 2 -880 =0-000 036 16 + 0-000 000 028 St. 

The expansion of the aluminium disc was determined by the ordinary 
Fizeau method shown at (a) in Fig. 892, a cylindrical block, with two parallel 
truly plane-polished normal end-surfaces 12 millimetres apart and 25 mm. 
in diameter, being prepared from the same casting from which all the 
aluminium discs were cut. It rested on the outer set of three points of the 
platinum-iridium table during the determination. The following data 
concerning the calculation will serve as an example of an ordinary Fizeau 
determination with the author’s dilatometer : 


Dilatation of Aluminium Data. 

Thickness of aluminium block, Lfj = 12-188 mm. 

Length of platinum-iridium screws above table points, 1 = 12400 mm. 
Thickness of air layer, (2=0-212 mm. 

/«1=10-1“, <2=68-9°, <8 = 123-4°. 

Pressures, 6j=764, 6, =764-8, 63=766 mm. 

‘ Number of transited bands, /a=i 30-36, /,= 60-32. 
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CorrectionB for air refraction, -0*04, -0‘06. 

Corrected number of bands, 3^-31,/',= 60-26. 

Half wave-length of C-hydrogen light employed, X/2 = 0-0003281 mm. 

Diminution of thickness of air ^^197720’ 

Elongation of tripod screws = measured length of screws x {a + 2bt for tripod alloy) 
X temperature interval, 

.>[^10-* (8600 + 4-66^^^1^) ] (fj -/i)=0 0064074, 

I ^10-» (8600 + 4-66 J (<3 - <i) =0-0125100. 

Expansion of aluminium block = diminution of thickness of air layer + elongation 
of screws, 

- L„ =0-0099449 + 0-0064074 = 0-0163523. 

L,3 - L,i =0-019772 +0-012510 =0-032282. 

^=0-000 268 2.3. 0=0-000 000 125 31. 

Lo = 12-1863. 

a=0-000 022 013. 6 =0-000 000 010 284. 


In order to form an idea of the kind of concordance afforded by deter- 
minations made on different days, the result obtained as above is compared 
below with the results of similar determinations made on two other days 
for slightly different temperature intervals : 


a. 

0-000 022 013 
22 070 
22 041 


6 . 

0-000 000 010 284 
10 617 
10 896 


The final mean accepted value for the expansion of aluminium is thus ; 

Mean coefficient a + 6f = 10‘® (2204 -f- 1 ‘060, or 

True coefficient a + 26« = 10" ® (2204 + 2 •12<). 

It is not always possible to use the three-point method of contact in 
the case of crystals, for it frequently happens that crystals which are 
difficult to obtain of considerable size will be adequately long in the direction 
in which the expansion is to be determined, but narrower in other directions, 
so that the parallel-ended block will not stand on all three of any set of 
points. Also the aluminium disc with points below will not always stand 
on the upper end of the crystal, for a similar reason. In such cases the 
plane side of the platinum-iridium table is used, and a plane disc of 
aluminium is employed, and the crystal and disc are placed in position by 
sliding contact, to get rid of the air film. No appreciable difference has 
ever been observed by the author between the results in cases when this 
procedure has been followed and those obtained when three-point contact 
has occurred. This is probably owing to the perfection of planeiyess of the 
crystal surfaces produced by the cutting and grinding goniometer described 
in Chapter XLIII. • 

Another occasion when the plane side of the tripod table without points 
is used has already been referred to, namely, when the expansion of the 
platinum-iridium alloy is itself being determined. This is necessarily 
performed with the two reflecting surfaces cqpcemed in the production of 
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the interfeience bands, the table top and the under surface of the glass 
wedge-disc, separated at a distance of somewhat over a centimetre. 
Either red cadmium or green mercury light requires to be used, as no other 
(unless it be that of neon) is sufficiently monochromatic to afford bands at 
so great a distance of separation of the surfaces, that is, no other radiation 
is sufficiently free from internal secondary interference. Moreovef, the 
polish taken by platinum-iridium is so excellent that the reflection from the 
table top overpowers that from the glass wedge-disc ; but this difficulty is 
overcome by depositing on the lower relevant surface of the latter a thin 
film of silver by means of a silvering solution. The reflection from this 
surface is then enhanced, and at the same time less light reaches the 
platinum-iridium, so that the two reflections are now adequately equalised 
to afford black bands. In other respects the determination is carried out 
as described in the previous pages. The length of screws (mean of the 
three) employed in an actual determination was 12*369 millimetres, and 
this length was both and d the thickness of the air layer. The initial 
temperature was 11*1°, corresponding to this length. This amount of 
screw produced in green mercury light 20*63 bands by its expansion, on 
raising the temperature to 68*5°, and 39*40 bands for the whole interval 
from 11*1® up to the higher limit 117*8®. The correction for alteration 
of the refraction of air was obviously unusually large, even the barometric 
pressure part being in this case quite serious ; the total corrections for 
the two intervals were -1-2*17 and -1-3*52 bands, bringing up the correct 
number of bands to 22*80 and 42*92. The particular value for the 
coefficient of expansion of platinum-iridium obtained from this determina- 
tion was : 

a = a-^26« = 10-» (8588 -f 4*520, 

and the mean of five such determinations yielded the value which has been 
used in the calculations of the expansion of aluminium and of potassium 
sulphate quoted in the previous pages, namely, 

a = a -I- 26« = 10 - * (8600 -f 4 *560 = 0 *000 008 600 -f 0 *000 000 004 56« . 

Cubical Expansion— The thermal expansion was similarly determined 
along the axes 6 and c of a number of excellent large crystals of potassium 
sulphate, and the final results for the three axes are compared on the next 
page. Their sum is also taken, for, the directions being rectangular, this 
sum represents the coefficient of cubical expansion of potassium sulphate. 
For when the expression for the product of the expansions of the crystal in 
the three rectangular axial directions, which naturally gives the expansion 
of the solid, is examined, it is found to consist of a large number of terms 
of which the only ones that affect the fourth and last trustworthy place of 
significant figures in the coefficient of expansion for any temperature are 
the sums of the constants a and h respectively. If^-the crystal were of 
cubic symmetry, the expression for the cubical expansion would be three 
times the linear, that is, obtained by multiplying the constants a and 6, as 
determined from the linear expansion, by three. For a tetragonal, hexa- 
gonal, or trigonal crystal the cubical expansion is obtained by adding to 
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the constants for the direction the axis twice those for the direction 
perpendicular to the axis. In the case of a rhombic crystal such as 
potassium sulphate, in which the expansions along the three rectangular 
axial directions are unequal, the sum of the three different pairs of constants 
affords the cubical expansion. The same applies also to monoclinic and 
triclimc crystals. 


Cubical Expansion of Potassium Sulphate. 


Linear expansion along axis a T)-000 036 16 0 000 000 014 4 

„ „ b 0 000 032 25 0 000 000 014 1 

„ c 0-000 036 34 0-000 000 041 3 

Cubical expansion of KJSO4 =:8um =0-000 104 75 0-000 000 069 8 


Thus the mean coefficient of cubical expansion a + ht of potassium 
sulphate between 0° and f is O-OOO 104 75 + 0-000 000 069 8L 

It may be interesting to quote the analogous results for the two other 
members of the eutropically isomorphous series, rubidium sulphate and 
cffisium sulphate. For convenience in comparison the values for all three 
salts are tabulated below. 

Values of a = a + 26<, the Cubical Coefficient of Expansion at any Tempera- 
ture U OF Alkali Sulphates, or Mean Coefficient between any two 
Temperatures of which the Mean is i. 

KjSO^ 0-000 104 75 + 0-000 000 1 39 6< 

Rb2S04 0-000 103 14 + 0-000 000 153 4< 

Ca2S04 0-000 101 70 + 0-000 000 162 0< 

It is interesting to observe that the values of each constant show a 
regular progression in the order of the atomic weights and atomic numbers 
of the three alkali metals. The values are very close together, showing 
how similarly, on the whole, analogously constituted chemical substances 
expand with rise of temperature. There is absolutely no doubt about 
the values, as the accuracy of the interference method is much greater 
than the difference between different salts. 

As was pointed out on page 637 in Chapter XXXII. on density deter- 
minations, in which the cubical expansion of salts in general was required 
in order to correct density determinations by the Retgers immersion 
method to the standard temperature of 20°, chemical salts as a rule expand 
about 0-0001, that is, about one ten-thousandth of their bulk, for each 
degree centigrade of rise of temperature. For it is scarcely necessary to 
state that the real meaning of the above figures for the coefficient of 
expansion is, taking for example the case of potassium sulphate, that when 
unity represents the volume of the crystal at 0°, its volume at 1°,C. would 
be 1 *00010475 ; and that if, again, say, its volume at 10° were taken as 
unity, its volume at 11° would be 1*00010475 + 0*00000140 = 1*00010615. 
Similarly, if the volume were unity at 50°, at 51° it would be 1 *00011173 ; 
and if unity at 100° itVould be 1 *00011871 at 101°. Hence, even at tem- 
peratures as high as 100°, the volume only increases one ten- thousandth 
on heating through one degree of temperaturg. 
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This chapter may fittingly conclude ,witn a short list of coefficients of 
thermal expansion of some crystalline substances of the various systems 
of symmetry, as determined by Fizeau, by Benoit, employing Hzeau's 
apparatus, and by Reimerde8,with the dilatometer of Pulfrich. It must 
not be taken for granted that expansion is an invariable accompaniment 
of the rise of temperature of crystals, at any rate along every direction in 
the crystal. For a remarkable exception was discovered by Fizeau, in the 
case of hexagonal silver iodide, Agl, the thermal behaViour of that salt 
having been studied by him between the temperatures of -10° and 
+ 70° C. A crystal of silver iodide actually contracts along the hexagonal 
(crystallographic and optic) axis on warming, and this linear contraction 
increases as the temperature rises ; moreover, so predominating is this 
contraction, as compared with the smaller expansion perpendicular to the 
axis (see figures in table), that the total volume of the crystal diminishes 
at an accelerating rate as its temperature rises. This contraction has been 
shown by other observers to continue until at the temperature of 146° 
silver iodide suddenly changes with absorption of heat into a cubic modifi- 
cation, and on cooling below this temperature passes back to the hexagonal 
variety. Hence, the greatest care must always be taken in employing the 
interference method, to verify that the alteration in length along the 
direction under observation is actually one of elongation. For the excep- 
tional cases like silver iodide, and those also of calcite»!ind beryl given in 
the table, will probably prove of the greatest value in the future in elucidat- 
ing crystal structure. 

Another curious phenomenon is that the diamond at - 41 *7°, cuprite 
at - 4 ‘3°, and beryl at - 4 *2°, each reach a maximum density, at which the 
crystals begin to expand with further cooling. Hence, if the crystals were 
warmed from an original temperature lower than this limit they would 
resemble silver iodide in contracting with rise of temperatuie, until the 
limit was reached, after which they would commence to expand. H is 
noteworthy that the coefficients are very small in all three cases, that of 
cuprite being remarkably low. 

Only one axis is identical with a crystallographic axis, the symmetry 
axis 6, in the case of a monoclinic crystal, the other two axes of the thermal 
ellipsoid lying rectangularly in the symmetry plane. For gypsum, 
CaS 04 . 2 H 2 O, the expansion along the symmetry axis was found by Fizeau 
to be 

a=0-000 037 89, 26=0-000 000 093 6 ; 

and for the directions of the other two rectangular axes lying in the 
symmetry plane : 

a=0-000 001 13, 26 = 0-000 000 010 9, and 

• (1=0-000 027 96, 26 -0*000 000 034 3. 

In order to obtain these values Fizeau ^ first •prepared a cube of 
gypsum, of which one pair of faces was parallel to the symmetry plane, 
the expansion afforded along the direction perp*endicular to this pair 
being obviously that for the direction of the symmetry axis 6 ; the other 
‘ Cmptes rendw, 1868, 1006 and 1072 j Pogg, Ann. 1868, 1Z6, 372. 

0 
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two pairs of pafallel faceehf»j^sae|j?ed knoiSwi* Originations with respect 
to the crystallographic'’, axes a ind c. A fourth’ pair of parallel faces ^ ( 

Values of a, Coefficient of Linear Expansion at t°. 
a=a+26L 
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> 

. System. 

Substance. 

Observer. 

Direction. 

0. 

2b. 

Cubic 

• 

Rock Balt, NaCl 

Fizeau 

Any direction 

0-000 ^38 69 

0-000 000 044 9 


Fluorspar, CaFj 

„ 


017 96 

028 ^ 


Pyrites, FeSa 



008 42 

017 8 


Diamond, C 



000 60 

014 4 ' 


Cuprite, CujO 



000 09 

021 0 

Tetragonal 

Anatase, TiOj 

Fizeau 

Par. axis 

006 95 

031 1 




Perp. axis 

003 60 

029 6 • 

Hexagonal 

Silver iodide, Agl 

Fizeau 

Par. axis 

-002 26 

-042 7 ' 



» 

Perp. axis 

+ 000 10 

+ 013 8 


Beryl, 

Fizeau 

Par. axis 

-001 52 

011 4 


AljBe 3 (Si 03)8 

Benoit ♦ 


-001 340 

008 06 



Fizeau 

Perp. axis 

+ 000 84 

013 3 



Benoit ♦ 


000 994 

009 30 

Trigonal 

Quartz, SiOj 

Fizeau 

Par. axis 

006 99 

020 6 



Benoit ♦ 


007 111 

017 12 



Kcimerdes f 


006 925 

016 89 



Fizeau 

Perp. axis 

013 24 

023 8 



Benoit * 


013 163 

026 26 


Calcite, CaCOa 

Fizeau 

Par. axis 

025 67 

016 0 



Benoit ♦ 


024 963 

027 34 



Fizeau 

Perp. axis 

-006 75 

008 7 



Benoit * 

»» 

-005 641 

001 94 


Sapphire, AljOs 

Fizeau 

Par. axis 

005 37 

020 6 




Perp. axis 

004 53 

022 6 

Rhombic 

Topaz, (AlF) 2 Si 04 

Fizeau 

Par. axis a 

004 23 

016 3 




„ b 

003 47 

016 8 





005 19 

0 I 8 | 


Potassium sulphate, 

Tutton 

Par. axis a 

' 036 16 

028 8 


KaSO* 


„ b 

032 26 

028 2 




M C 

036 34 

082 6 


Rubidium sulphate, 

Tutton 

Par. axis a 

036 37 

040 6 


RbjSO* 


M b 

032 14 

036 8 




„ c 

034 63 

070 0 


Caesium sulphate, 

Tutton 

Par. axis a 

033 85 

042 8 


083804 


„ b 

031 96 

036 4 




„ c 

036 90 

082 8 

• 


• Employing the apparatus of Fizeau. t Employing the apparatus of Pulfrlch. 


were then ground at two opposite corners of the cube. The expansion 
along the direction of the normal to each of the four pairs of faces then 
existing on the block was determined by this interference method. The 
VOL, II # * ^ ^ 
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results vrere subsequently combined in four equations, from which it was 
possible to calculate the four unkno^Cn quantities, namely, the three 
linear expansions above given for the three axial directions of the 
thermal ellipsoid, and the angle of inclination of one of the two thermal 
axes lying in the symmetry plane with the inclined crystallographic 
axis a. This angle in the case of gypsum proved to be +47° 44 't; The 
method is of general application for the determination of the coefficients 
of expansion of monoclinic crystals. 

General Use oflhe Interferometer in Fine Measurement.— It has already 
been mentioned that the interferonleter, as designed by the author for the 
measurement of the thermal expansion of crystals, is of general applica- 
tion for the measurement of very short distances or small amounts of 
motion, in terms (hundredths) of the half wave-length of any suitable 
truly homogeneous light radiation, monochromatic in the strictest sense. 
The half wave-length of the light is actually the visible gross unit of 
this refined scale, directly represented by any two adjacent interference 
bands, the distance between the centres of which, if red hydrogen light 
be employed, corresponds to a difference of thickness of the air-film 
between the two reflecting surfaces at the two positions occupied by the 
bands of l/3048th of a millimetre or l/77,419th of an inch. The micro- 
meter eyepiece enables this grosser unit to be further subdivided into 100 
parts, each of which may be read ofl directly on the drum, so that the 
fine unit of measurement directly indicated by the instrument is the 
1/304, 815th part of a millimetre or the 1/7, 741, 900th part of an inch, 
that is, in round numbers, the one eight-millionth of an inch. Another 
application of the interferometer will be dealt with in the next chapter, 
namely, in the measurement of the elasticity of crystals. 

To convert the interferometer, which has been described in this chapter as part of 
the dilatometer, into its general form (in which form it will be employed in determining 
crystal elasticity), it is only necessary to remove the specifically thermal part of the 
apparatus, the interference chamber (c in Fig. 889, page 1309) of the dilatometer, by 
unscrewing it at/ from the lower metallic end of the suspended partly porcelain tube p, 
and to substitute for it a simple brass cap to replace and serve the purpose of the roof ■ 
plate d of the interference chamber ; the cap carries a similar screw thread to that at / 
of the latter, and also, in a similar rabbeted central aperture of one -inch opening, the 
glass refraction-countervailing wedge-disc e of 27 mm. diameter, tilted slightly by two 
little screws in the rabbet, in order to eliminate its reflections out of the way of the 
interfering reflections. The large glass cover- wedge (cut from the same glass plate - 
wedge of 36 minutes angle as the countervailing dipc in the cap), the lower surface 
of which is to provide one of the interfering reflections, is in all cases to be carried by 
a little tripod, forming part of the specific apparatus which also carries the object, 
the movement of which is to be measured. The second plane surface furnishing 
the other of the two interfering reflections is to be either the moving surface of the 
object itself, or a black glass or aluminium surface moving rigidly with the object. 

Demonstration and Experimentation Apparatus for the Interferometer.— A very 
useful apparatus is illustrated at D in Fig. 894, which has enabled the author to study 
the nature of the interference bands afforded by a great variety of sources of homo- 
geneous light, with the aid of the interferometer in its perfectly general form A, B, C, 
which has just been described. A and B are the two separately mounted parts of the 
interferometer on their stout pedestals, and C is the cap carrying the countervailing 
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wedge-diso at the lower end of B. The demonstration apparatus D consists essentially 
of a hollow but rigid columnar support a for the interference tripod b, and within it a 
vertically movable (with exceedingly dne motion) shaft-support for the thick black 
glass disc, the finely polished absolutely truly plane upper surface of which is to act as 
the object-surface and to furnish the second reflection concerned in the interference. 
The pijjar a rises from a heavy gun-metal cone c cast solid with the base-plate d, the latter 
being screwed down to the large plinth of hard mahogany on which the second part B 
of the interferometer is mounted. The interference tripod 6 rises from a stout split 
collar e gripping arouftd the top of the pillar, and rigidly secured tjiereto by a tightening 
screw. The three little columns b of the tripod are hollow, and the cylindrical bore of 



Pig. 894.— -General Form of Interferonjeter A, B, C, in use with Experimental Interference 
Apparatus D. 

each is tapped to engage with a screw of fine pitch and close fit, the upper termination 
of which is roundly pointed to act as one of three supports for the large glass interfer- 
ence wedge-disc / ; the screw shaft expands some little distance below the summit into 
a milled head, for convenience in adjusting the height of the screw and therefore of the 
wedge-disc. The black glass disc is mounted by cement on the top of a metal disc g, 
and the latter is carried in an adjustable manner (by four screws) above a second metal 
disc h, rigidly carried at the head of the movable vertical column ; the mode of attach- 
ment to the column provides for a considerable amount of rough vertical sliding adjust- 
ment, the disc being carricii at the head of, and solid with, a hollow cylinder Jfc about 
3 centimetres in length, sliding up or down the top part of the column, and capable of 
rigid fixation at any position by means of a split collar and tightening screw I at its lower 
termination. Matters are so arranged that the uppe]; (reflecting) surface of the black 
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glass head is brought to within a millimetre of the lower surface of the colourless glass 
wedge*plate lying on the tripod screws. TheOthickness of the air-film for maximum 
brightness of the interference bands in red C-hydrogen light is about | mm. By the 
regulation of the tripod screws it is then readily possible to produce an ideally perfect 
field of interference bands, when the suspended tube of the part B of the interfero- 
meter is brought exactly over the centre of the tripod, so that the vertical axes of the 
suspended tube and the demonstration apparatus D form a continuous line, and assum- 
ing part A of the interferometer to be in position, as shown in Fig. 894, and the 
Gleissler tube of hydrogen or neon to be in action with the aid ff the induction coil. 

The polished surface of the black glass head of the demonstration apparatus should 
have been once for all adjusted, with the*aid of the little adjusting screws of the metal- 
disc supporting table, so that it is at right angles to the vertical axis of the apparatus — 
that is, truly horizontal — using a small spirit-level conveniently supplied for the purpose. 
It is also assumed that the inner vertical movable column carrying the black glass at 
its head is conveniently situated for use of the fine movement, with the very fine screw 
not far from the centre of its path. The construction of this fine vertical adjustment 
and the means of driving it, are as follows : 

Just below the sliding coarse adjustment cylinder k of the black glass head the main 
vertical shaft thickens to 1*2 centimetres, and the whole of this thicker lower portion 
of the shaft slides readily but fairly tightly in the gun-metal column 2-8 centimetres 
diameter and 12 centimetres long, the flanged plinth of which is solid with the basal 
supporting cone. An exceedingly fine screw thread, one-fourth of a millimetre in pitch, 
has been cut on a part of the shaft within the column ; rotation of the shaft is prevented 
by groove and pin, but it can be propelled upwards or downwards by a rotatable but 
vertically immovable driving wheel, furnished with a correspondingly fine screw thread 
within and 72 oblique worm-wheel teeth without. The fixed outer column is broken to 
admit the wheel at a point 2*2 centimetres from the top, but the two parts are rigidly 
united and a suitable support afforded for the bearings of a driving endless-screw, by a 
hollow rectangular box-piece m, open in front and behind, cast solid with the two parts of 
the column. One revolution of the endless-screw, by means of a large milled head n pro • 
vided, rotates the wheel to the extent of one tooth, which corresponds to a movement 
of the vertical shaft and its black glass head of 0’0035 millimetre. The bearings of the 
endless-screw are attached to the box by an enveloping double claw o, cast in one piece 
and adjustable as regards the pressure between screw and worm-wheel, and the shaft 
of the screw which emerges from the front bearing is notched to take the correspondingly 
pinned hollow attaching (axial) cylinder of either the simple milled head n referred to 
and shown in the figure, or of a similar milled head at the end of a much longer driving 
shaft, which brings the head conveniently much nearer to the observer at the eyepiece 
of the interferometer (part A). When this arrangement is used, the whole demonstra- 
tion apparatus D is rotated about 90° anti-clockwise, from the position shown in the 
figure. To support the near end of this longer driving axle a little cylindrical bearing 
column is supplied, which, being hollow, can be adjusted for height by fitting fairly 
tightly over a solid pillar p of circular section, firmly fixed to the mahogany base-board 
of A by screws passing through a flanged base in which the lower end of the httle column 
terminates ; the hollow column carries at its summit an adjustable (rotatable) ring- 
bearing for the axle, and its adjustment for height and rotation enables the long driving 
axle to be arranged truly horizontally and for the minimum of friction in the ring- 
bearing. • 

When the interference bands have been adjusted as aheady described above, 
exactly as shown in Fig. 891, the slightest rotation of the milled head n of the endless- 
eorew (or that of the long driving rod) alters infinitesimally Jhe thickness of the air-film 
between the black and colourless glass surfaces, and causes the interference bands to 
move parallel to themselves with complete steadiness, past the reference centre (the 
<!entre of the miniature silver rmg at the centre of the lower reflecting surface of the 

0 
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colourless glass wedge-plate, shown in^g. 891) and the pair of vertical spider-lines 
which sho\dd have been adjusted symmetrically about the centre of the little ring, as 
in the measurements of thermal dilatation. 

This demonstration apparatus has proved most useful. In a second 
model^which the author has had constructed, the coarse vertical movement 
of the black glass head has been given a rack and pinion adjustment, 
instead of merely^ one by hand-sliding ; also the movement is supplied 
with a fine scale and vernier on silver, reading directly to half-millimetres 
and with the aid of the vernier to the fiftieth of a millimetre, 0*02 mm. 
By this means a careful preliminary adjustment of the two reflecting 
surfaces can be effected to any desired thickness of the air-film between 
them, and experiments on suitable thicknesses for specific radiations more 
readily carried out. 




CHAPTER LVIII 

ELASTICITY OP CRYSTALS AND ITS INTERFEROMETRIC MEASUREMENT— 
THE ELASMOMETER AND TORSOMETER— MICHELSON’S AND FABRY AND 
PEROT’S interferometers — INTERFERENCE FRINGES IN MICA 

Crystals exhibit their orientated structure very clearly in the different 
elasticity, or resistance to temporary deformation, which they show in 
different directions. The attempted deformation may obviously be of 
two kinds : (1) of compression such as that by a weight placed on (above) 
the crystal, which may conveniently be an elongated prism resting by 
one of its plane ends (cut or a natural face perpendicular to its upright 
length) on a relatively immovable support, and (2) of extension such as 
that effected by means of a weight suspended from the lower end of 
(below) the crystal, while the latter is fixed at its upper end. The 
amount of deformation, whether compression or dilatation, will clearly 
depend on the .force employed and on the dimensions of the crystal. But 
a third factor also enters into the case, namely, the specific power of the 
crystal to resist such deformation, a power which in turn depends both 
on the nature of the substance and on the symmetry of its structure. 
This specific resistance to change of form is known in mechanics for non- 
crystallised ' substances, or substances such as metals which, although 
crystalline, are composed of a mass of interlacing anyhow-orientated 
crystals, and so produce an average effect, as the Modulus of Elasticity,” 
and is distinguished by the letter E. It was so named by Dr. Thomas 
Young, and hence it is commonly called “ Young’s Modulus.” ^ 

Let us suppose we are dealing simply with a vertical wire, of length 
L and sectional area Q, attached at the top to a rigid support, and stretched 
by a weight just adequate to keep it taut ; if we then add another weight 
P at the lower end, the wire will stretch further by an amount I, and the 
modulus of elasticity E corresponding to the stretching is, according to 
Eohlrausch : 



^ The Modulus of Elasticity E is termed in German nomenclature {e.g. by von 
Qroth, Liebisoh, and Voigt) the “Dehnungswiderstand” (resistance to extension). 

Its reciprocal, ~ of our nomenclature, is unfortunately called E by the German 

authors, and named the ” Dehnungskoeffizient ” (extension coefficient). This fact 
requires to be carefully noted, a.: confusion is otherwise likely to occur. 
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We can define the modulus pf elasticity as that weight in kilograms 
which must be hung on a wire o! one square millimetre section in order 
to double its length, supposing the elongation to be proportional to the 
load. For if Q = 1 and 2 = L we have E = P. 

T^ie modulus of elasticity E, the coefficient of resistance to dilata- 
tion or bending, is usually determined by observations of the bending 
of a rod when loaded with a given weight. The simplest manner is to 
clamp the rod, horizontally arranged, and of free "length L, at one 
end, the free end pointing to a scale ; to load tliis free end with a 
weight of P grammes, and to observe the deflection s produced. If the 
rod be of rectangular section with vertical side or thickness t and 
horizontal side or breadth 6, then E is afforded by the formula of 
Kohlrausch ; 


A much better method of procedure, however, and the one currently 
employed, which avoids all the uncertainty introduced by the clamping 
of the rod, is to lay it with both ends loose 
upon the parallel edges of two wedge-shaped 
supports, as shown in Fig. 895. Here L 
represents the distance between the two 
supports, that is, the free length of the 
rod, and the weight P is suspended from the middle of the rod, generally 
from a wedge-stirrup, producing a deflection there of s. The Kohlrausch 
formula then becomes : 



FlO. 895. 


IP 
4 s 


If the rod be of circular section, of radius r, the of the denomi- 
nator is replaced by in both the above forrnulee. 

All lengths are conveniently expressed in millimetres and the weights 
in grammes, so that the result shall be expressed in terms of the 
currently accepted unit of the modulus of elasticity. 

There are three obvious a.ssumptions made, in order that the formula 
may correctly express the facts, namely, that the deflection s produced 
by P is small in comparison with L, that the load used is far from the 
breaking strain, and that the substance is a truly elastic one, not siiffering 
any appreciable permanent deflection as the result of the operations. 

In the year 1878 Warburg and Koch ^ showed that the above 
formula of Kohlrausch affords only a first approximation, and that the 
experimental facts are better interpreted when a second term is introduced, 

namely, the product of the Kohlrausch formula with , the whole 


formula being then : 


1 P y 
'4 s 




^ ^ Ann. d&r Phys. und (7Aejn.,^878, 6, 253. 
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For most substances the second term proves to be far from 
negligible, when the determinations are carried out with good crystals 
or a homogeneous rod of whatever material is under observation, and 
with the accuracy possible to the interference method introduced by Koch 
in the same memoir. The method formerly used was the mechanicpl one 
of Neumann, as improved by Voigt, to whom we owe most of the work 
on the elasticity of crystals which has yet been carried out. It is 
simply the ordinary mechanical laboratory method above referred to 
carried to extreme refinement, with crystal plates or rods as large as 
are procurable. The interference method of Koch was based on the same 
principle as that underlying the Fizeau dilatometer explained in the last 
chapter, as regards the mode of measuring the bending, sodium light 
being used. The plate was laid on the edges of two sloping blocks, 
and a bending weight applied above its centre, either through a point 
at the end of a hook, or by a stirrup knife-edge. The lower surface 
of the plate, and the upper surface of a totally reflecting prism supported 
very closely beneath it, with only a thin film of air intervening, were 
the two surfaces affording the interfering reflections producing the 
interference fringes. A complicated and somewhat cumbersome method 
was adopted for suspending the weight from the hook or stirrup, and for 
regulating and graduating the application of the load. The excellent 
results obtained for the thermal expansion of crystals with the author’s 
interferometer-dilatometer described in the last chapter, and the desir- 
ability of improving Koch’s apparatus as regards the mode of application 
and control of the weight, caused the author ^ to devise an interference 
elasticity apparatus involving the use of the interferometer part of the 
dilatometer, in its general form as stated on page 1330 and illustrated in 
Fig. 894, combined with a much more refined and accurate arrangement 
for applying and controlling the load. The whole apparatus, as arranged 
for the purpose of the determination of bending, has been termed the 
“ elasmometer,” and is described in the next section but one (page 1339) 
and illustrated in Fig. 897. 

Variation of Elasticity with Symmetry— When the elasticity E, the 
resistance to deformation, is thus determined along different directions in 
a non-crystalline substance such as glass, or in a crystalline substance com- 
posed of small individual crystals interlaced in a mass with every possible 
orientation, such as cast iron, the values found for the various directions 
are all equal within the limits of the possible experimental error. Hence 
for such a substance E has only one value, the modulus of elasticity. 

In the case of a crystal, however, the value varies in general for 
different directions, and in a manner which is compatible with the 
degree oi symmetry exhibited by the crystal. Moreover, this variation 
of the modulus of elasticity affects all regular vibratory movements 
transmitted through a crystal, such as sound waves, the velocity of 
which is proportional to the square root of the modulus of elasticity 
and inversely proportional to the square root of the density, that is, 


1 PhiLTrans., 1904, A, 202, 143. 
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proportional to This has been proved by Savart for sound 

travelling through quartz, plates of which set in vibration give different dust 
figures according to their orientation in the crystal, and by von Groth for 
rock ialt by direct measurement of the velocity of sound in the crystal. 

In order to be able to specify the modulus of elasticity E for any 
direction in a crystal, and thus to arrive at the surface of elasticity, the 
envelope on which lie the ends of all the radiating straight lines drawn 
from a given point to represent the ^asticity, it is not sufficient, in the 
present state of our knowledge, to determine only the resistance to bending 
with a number of plates cut in different directions out of the crystal, but 
in addition we have to determine another factor, the resistance to torsion, 
F. The experimental determination of the torsion coefficient of a solid 
is carried out by supporting it firmly at one end while a twist is given 
to it at the other end, the force acting in the plane of the cross-section. 
The experiment, however, is clearly not one that can be easily carried 
out with a rod of^an object so small as a crystal — even the maximum one 
that can be grown — often is, and the methods at present used are all 
mechanical and require a large-sized crystal. That of Voigt ^ is the 
best of these, which is comparable to the mechanical method of Neumann, 
as also improved by Voigt, for the determination of the bending. The 
torsion apparatus of Voigt will presently be described. 

The author has arranged, however, to extend the interference method 
to the determination of the torsion coefficients of crystals, an apparatus 
for the purpose being now under construction (its completion having 
been delayed by the War) ; for the accuracy of the mechanical method 
can never hope to approach anywhere near that now attained in the 
determination of bending by the interference method. 

The work of Neumann and especially of Voigt has shown that for 
the complete expression of the elasticity relations in different directions 
of a triclinic crystal, the general case, no less than 21 elasticity constants 
are required (that is, occur in the general equation expressing E direc- 
tionally), which reduce in stages, by some of these constants becoming 
identical, as symmetry is introduced. For a monoclinic crystal there are 
13, for a rhombic crystal 9, for a hexagonal crystal these reduce to 7, and 
still further to 6 for a tetragonal crystal, while finally for a cubic crystal 
there are only 3 elasticity constants. By determinations of bending 
alone, however numerous and varied in direction, at most 15 of the 21 
can be calculated. But when both bending and torsion determinations 
are available for several differently orientated plates or bars, the whole 
of these constants can be more or less readily calculated. The surface of 
elasticity is a sphere for substances which are either not crystallifie, or are 
composed of interlacing crystals having every possible orientation, so that 
the substances behave as if amorphous. For a crystal, even a cubic one, the 
surface is no longer sjlherical, but is centro-symmetrical at least, the two 
parts of every diameter passing through the central point chosen (from which 

‘ inn. der Phys., N.F., 1886, 29, 604; 1887, 3^ 721 ; 1888, 35, 642. See also 
LieUseh’s Phyaihujyiche KryataUographie, Sig. 290, page 662. 
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lines representative of the elasticity are (Jrawn) being equal. The shape of 
this surface is not an ellipsoid, like the general surface of optical vibration 
velocity, of refractive index, or of ' thermal deformation, but is merely 
conditioned by the fact that every direction of equal value in regard to 
the morphological symmetry has an elasticity diameter of equal length. 

In the case of a cubic crystal the surface is one characterised by the 
three constants above referred to ; the three r^ctan^lar cubic (tetra- 
gonal) axes are equal axes of maximum or minimum elasticity, the four 
trigonal axes joining the corners oi the cube and equally inclined to the 
cubic axes are the converse, the directions either of the minimum or 
maximum elasticity, while the six digonal axes of symmetry bisecting the 
angles of the cubic axes and proceeding 
from the middle of the edges are axes of 
intermediate elasticity. Thus Fig. 896 
represents the elasticity surface of iron 
pyrites according to the German nomen- 
clature (see footnote on page 1334). The 
radii vectores are expressed in terms of the 
German E, the “Dehnungskoeffizicnt,’’ 

the reciprocal ^ of our Young’s modulus 

E. Here the cubic axes c are the minima, 
while the trigonal axes o normal to the 
octahedron faces are the maxima of elas- 
ticity of the whole crystal. The digonal 
axes d normal to the rhombic dodecahedron 
faces are for this crystal greater than c but less than o. Sections of 
the elasticity surface parallel to the faces of the octahedron are circular. 
Fluorspar and rock salt exhibit similar surfaces, while the alums, the 
cubic double sulphates of the series RgSO^ . M 2 (S 04 ) 3 . 24 H 2 O, are 
characterised by elasticity surfaces which have protuberances instead of 
depressions and vice versa. The figures representing Young’s modulus, 
however, would resemble Fig. 896 in the case of the alums. 

Crystals belonging to the other systems of symmetry exhibit analogous sur- 
faces of elasticity, characterised by the symmetry of the particular system, 
that is, they possess the same planes of symmetry as the crystal itself. 

Thus the property of elasticity, like the optical and thermal properties 
and that of hardness, is a function of the symmetry, and we have in this fact 
the final expression of the fundamental importance of symmetry of internal 
structure, as the dominant fact of crystallography, causing and governing 
not only symmetry of exterior form, the most obvious of all the properties 
of crystal, but also the symmetrical display of every physical property. 

The description of the author’s elasmometer will now be given, and 
of the method of determining bending with its aid, including an actual 
example, that of iron pyrites. This will be followed by a description, 
as far as is yet possible, of the interference torsion apparatus, the 
“ torsometer,” now under construction for the author, and an account 
of its contemplated mode of^l8e. 



0 


Fia. 896.— Elasticity Surface of 
Iron Pyrites. 
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The Measurement o! s, the Eluding at the Centre of an elongated Plate 

supported near both Ends, by the Elasmometer.-— The optical portion of 



the apparatus consists of the author’s interferometer, exactly as described 
in the last chapter, in connection with the«dilatometer, and in the later 


I Fig, 897.— The Elasmometer, with Interferometer in Action, employing Bed Hydrogen Light. 
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section (page 1330) on the general form o^the interferometer. It is shown 
in position in Fig. 897, and the elasmometer proper by itself in Fig. 898. 



The auto-collimating telescope pedestal stands on a small plinth 
attachable in front to the mfjin plinth of the elasmometer proper. The 
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second pedestal of the interferometer, carrying the refracting prisms and 
the partially porcelain suspendid tube, is mounted on three toe-plates, 
ready fixed for the reception of its levelling screws, on the back part 
of the metal base of the elasmometer proper. The lower end of the 
suspended tube carries a simple cap, as described on page 1330, with a 
circular aperture of one inch diameter, in which is mounted slightly 
obliquely the countervailing wedge-disc {e in Fig. 889, p. 1309) of the 
interference apparatus referred to on page 1313. This cap replaces the 
interference chamber of the dilatometer, the rest of the interference 
apparatus being carried by the elasmometer proper, immediately under 
the cap when the suspended tube is swung into position, as described 
on page 1332 for the general mode of use of the interferometer. 

The Elasmometer proper consists of seven essential parts, which 
will be briefly described in turn. - 

(1) A pair of platinum-iridium wedges are arranged parallel to each other, and 
with their knife-edges downwards (the method of Fig. 895 being inverted), up against 
which the plate (usually an elongated one) of the crystal or other substance under 
investigation is to iJe bent, by a weight applied under its centre by means of an upright 
agate point carried at the end of a balance beam, as shown in Fig. 899. They are 
carried by a pair of gun-metal blocks arranged in the same straight line, and under- 
neath overhanging portions of the blocks ; the latter approach each other, thus forming 
a commodious recess, and the blocks and therefore the wedges are adjustable for their 
distance apart. This recess formed underneath these overhanging parts of the blocks 
accommodates the plate-supporting apparatus and the weight-applying end of the 
balance, both of which can be independently moved either into or out of the recess at 
will. These gun-metal blocks slide on a large rigid block of steel, mounted to the front 
and left of the centre of the iron base, and the front block is provided with fine adjust- 
ments for altitude and azimuth, to enable the parallelism of the wedges to be accurately 
attained. 

(2) The interference tripod, consisting of throe adjustable capstan screws, for 
supporting the large colourless glass wedge-disc, the under surface of which is the 
upper one of the two surfaces which are to reflect the interfering light, is carried by 
the gun-metal blocks, two of its screws being supported on the front block and the 
third on the one behind. The pair of screws and the single screw are in each case 
directly mounted on a small but thick plate with wide dovetailed groove, sliding over 
a corresponding dovetail fixed to the block, in order that the separation of the two front 
screws from the back screw may be adjusted to suit the size of glass wedge-disc 
employed. 

(3) A transmitter of the bending motion of the centre of the plate to the inter- 
ference apparatus, and itself furnishing the second (lower) of the two essential reflect- 
ing surfaces of the latter, is fitted between the two inner closely approached ends of the 
blocks. It is best shown in Fig. 899 (being removed in Fig. 898), and consists of 
a vertical rod of aluminium, resting by its roundly pointed lower end on the centre 
of the crystal plate, and carrying a head-piece above terminating in an adjustable 
horizontal black-glass disc, the truly plane polished upper surface of \fhich is the 
reflecting surface just, alluded to, relevant to the interference. The upper portion 
of the>rod is of fluted square section, in order to slide without friction in a square 
vertical boring in an arip screwed with slot adjustment to the front block, between 
the two tripod screws. 

An alternative form of transmitter with similar black-glass head is seen lying on 
the left front of the base in Fig. 898 ; it is a nearl;^ counterbalanced rocker, having a 
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fulcrum knife-edge of agate, intended to rest on an agate plate carried on the front 
block, to the left in Fig. 899. Usually the first I'orm of transmitter is much preferable. 

(4) A pair of mechanical fingers, shown in Fig. 900, are provided for preliminarily 
adjusting the crystal-plate and supporting *it up against the platinum-iridium wedges 
until the pressure point of the balance is brought into action imder the centre of the 
plate. They are carried to the left of the steel block in such an adjustable rganner 
that they may be racked into or out of the recess by means of the large milled head 
shown below in Fig. 900, and raised or lowered by the still larger milled head seen 
below the column in Fig. 898. The two “ Fingers ” terminate ifi spring tables, each 
having a knife-edge as shown separately to the right in Fig. 900, and which are 
capable of adjustment for their distance apart parallel to the plate by the middle 
milled-headed screw in Fig. 900, which is right- and left-handed in its two parts 



Fiq. 899. — The Platlnum-iridlum Wedges, Crystal-plate, Balance and Its Pressure Point, 
and Interference Apparatus of the Elasmometer. 


moving respectively the two knife-edges. The plate is laid over the latter, and its 
position thereon may be delicately adjusted by two pairs of screws parallel to and 
perpendicular to its length, in a manner which will be clear from the figure. 

(6) A balance for the delivery of the load, specially constructed by Oertling, is 
arranged to the right of the steel block. It carries at the left end instead of a pan 
the “ pressure point,” an upright agate cone, which is covered with a soft kid-leather 
cone during the experiment in order to protect the crystal from scratching. The 
bending weight is applied through this cone, and is equal to the weight placed in the 
pan at the right end. The whole balance is movable in the direction of its length, like 
the mechanical fingers on the other side of the steel block, scf as to be able to bring 
the pressure point in or out of the recess, by means of a basal rack and a pinion provided 
with handle. A fine adjustment for azimuth is also provided, by means of the screw 
seen approaching the observer on the right at the top of the basal box on which the 
balance stands. These two movements thus enable the pressure point to be accurately 
centred under the crystal -jdate. In order to avoid frequent repetition of this centring, 
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during a series of observations with the same plate, a pair of fine horizontal adjusting 
screws with ivory tips and divided drimheads are arranged, one on each side of the 
beam near the pressure point. They are carried by the blocks on their right side, and 
are well shown in Fig. 899. The ivory tipnare arranged just to touch the beam when 
the centring has been accomplished, and the readings of the drums are noted for these 
adjusted positions ; they are then withdrawn for a noted number of turns, say one or 
two, of the screws during an observation, and reinstated before the next observation 
in order to ensure the continued adjustment of the pressure point, and withdrawn again 
before the observatiqii is carried out. 

The aluminium pan at the right end is connected by a central vertical rod with a 
second lower pan, a plane disc of aluminiuifl, which is immersed during the observa- 
tions in a dish of cedar oil, and the function of which is so to steady the balance 
during the application of the weight as to prevent absolutely all flickering of the 



FlQ. 900.— Mechanical Fingers for adjusting tlie Crystal-plate. 

interference bands, which is otherwise a serious difficulty. A cylindrical counterpoise 
for the pan and aluminium steadier is suspended on the left side by the usual stirrup 
and agate wedge and plate. Weights up to 600 grammes may be employed as the 
load, and the sensibility of the balance up to this load is scarcely affected by the cedar 
oil immersion of the aluminium disc, 

(6) A control apparatus is provided for the application of the load. If the weight 
were laid directly on the pan— when the pressure point has been adjusted under the 
centre of the crystal-plate — the bending would occur at once as soon as the balance 
were set in motion, by lowering the usual rests with the aid of the large milled head 
in front of the basal box, and the interference bands would flash past far too Rapidly to 
enable them to be counted. Each of the platinised and carefully standardised weights, 
therefore, is provided with a hook instead of a knob, for suspension in a loop of soft but 
strong string carried by an^ below the suspension bar of the pan fitting. The weight is 
laid on a stout little circular table adjustable for height just below the string loop, covered 
with broadcloth and forming the flat expanded end of an arm proceeding from a slider 
about a stout column. This coarse vertical motion isjby rack and pinion, manipulated 
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by either of the two milled heads seen in Figs. 897 and 898 to right and left of the 
column ; fixation at any height can be aocon}plished by a clamping screw with lever 
head. The column itself is cylindrical and is susceptible of a very fine slow vertical 
motion, without rotation, in a correspopjiiagly cylindrical keyed boring in a basal 
casting, which provides at the same time a rectangular box-like expansion, open at 
two opposite sides, for the driving-nut wheel of the screw tapped on the lower part 
of the column. The screw and nut are of quarter-millimetre pitch, so that*"a very 
fine motion is achieved, either by manipulation of the driving-nut itself, or more 
conveniently by means of the pulley wheel seen in front in Figs. 897 and 898, which 
is provided with a radial arm and handle for greater radius of rotation. The band is 
kept taut by a third pulley pressed in from the right by the little attachment seen to 
the extreme right in Figs. 897 and 898. 

With the aid of the coarse adjustment the weight table can be lowered until the 
hook of the weight just touches and all but rests in the string loop. The fine move- 
ment of the table is then resorted to and the weight brought extremely slowly into 
action, the retardation being assisted by the regularly growing tension on the string, 
until the full weight is eventually operative. So perfect is this control, that the 
interference bands may be made to pass the reference spot in the centre of the field 
with any desired degree of slowness, or each band may even be held at the centre 
for an indefinite length of time. The counting of the bands is, therefore, a perfectly 
easy matter. ' 

A further possible control, for the movement of the balance beam and pressure 
point, is provided in case of need in the form of an exceedingly fine vertical move- 
ment of an agate plate above, and intended to press against, an agate wedge on the 
beam between the fulcrum and the counterpoise. The agate plate is carried under 
the hook-shaped head of a vertical column, which is capable of a similar very fine 
motion in an outer column to that provided in the experimental apparatus D described 
and illustrated on page 1331 ; the hook head is also capable of coarse adjustment for 
height in the same way as the black-glass head of that apparatus. This control can 
be removed if not needed, and latterly the author has used the string loop control 
entirely by preference. It is adequate to remove the hook head. 

(7) A measuring microscope is also provided, wherewith to determine in situ the 
dimensions of the crystal-plate and to find its centre. It stands to the left of the 
apparatus, and is best shown in Fig. 898. Each of its two rectangular measuring 
movements reads directly on the single screw itself (of millimetre pitch) to the thou- 
sandth of a millimetre, the head being provided with a large silvered drum divided 
into 100 parts directly ; the tenths of these are obtained by engraving ten other circles 
on the cylinder of the drum, parallel to the divided edge-circle and equidistant from 
each other, and oblique lines from every division of the edge -circle (the first) to the 
next division on the other edge-circle (the eleventh). The tenth-part of a division of 
the edge-circle is then read off by means of an indicator-line on a glass plate carried 
in a frame above the drum, the centre of the glass being engraved with a single line 
coloured red parallel to the screw axis, the reading- being afforded by the coincidence 
of the red line with the nearest intersection of an oblique line with a circle. Each 
screw is provided with a special device to prevent backlash, so that the readings 
afforded in this manner by a single screw, in the case of each of the two rectangular 
movements, are most accurate and very easy to take. 

The c«nical column supporting the microscope is mounted on the top of the upper 
measuring movement, and the outer cone, from an arm of which the microscope is 
suspended, is capable of rotation about this inner cone, so that the microscope may be 
turned out of the way after it has served its purpose, and replaced over the interference 
apparatus by the interferometer suspended tube. A fixing screw is provided at the 
summit of the cone, and the microscope is counterbalanced on the other side of the 
column. The lower measuring movement is mounted in an adjustable manner, anci 
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made rigid after the adjustment, on a stout pedestal movable, in the direction of the 
length of the elaamometer, over a bev^Spd guiding bed by rack and pinion, the latter 
provided with the handle seen in front. The two-thirds of a rotation possible to the 
handle are adeq^uate to bring the microscop# over the interference apparatus or remove 
it well out of the way, when more room is required than is obtained by merely rotating 
the upper part carrying the microscope. A clamping lever is just seen emerging 
behin*the pedestal, for fixing the microscope rigidly during measuring operations. 

The Determination of Bending is carried out in the following manner 
by means of the elasmometer. The plate of the crystal or other sub- 
stance the elasticity of which is to bt determined, and the thickness of 
which has been measured on a thickness measurer such as that shown in 
Fig. 893 (page 1320), is laid temporarily on the gun-metal knife-edges of 
the mechanical fingers, and its length and breadth measured with the aid 
of the measuring microscope. It is then adjusted to the platinum-iridium 
knife-edges by means of the various movements and adjusting screws of 
the mechanical fingers. The pressure-point is then adjusted below the 
plate centre, while the balance is out of action in its rests. The trans- 
mitter is next pla(j^ed in position above the centre. A small preponderance 
of weight is then given to the pan side of the balance, in order that when 
the latter is released, which may now occur, the pressure-point may press 
up against the centre, with just enough weight to keep the plate in full 
contact with the platinum-iridium knife-edges, when the gun-metal ones 
are lowered and withdrawn. 

The operation of bending the plate is thus always started with a 
small constant weight in action, and the plate very slightly preliminarily 
bent. It is the efiect of the additional weights subsequently added from 
the control apparatus, in producing movement of the interference bands 
corresponding to further bending of the plate, that is to be measured. 
This small preliminary weight is effectively given to the pan end of the 
balance by merely removing the cylindrical counterpoise from the left side ; 
the weight of this is about 83 grammes, which, when the relative positions 
on the two arms of the balance are taken into account, is equivalent to a 
weight of 60 grammes on the pan, an amount of the right order to ensure 
effective contact of the plate with the platinum-iridium knife-edges. 

The interference apparatus is next adjusted, if any further slight 
adjustment be necessary after the preliminary setting or a previous 
observation, to give an excellent field of vertical bands (as shown in 
Fig. 891, p. 1311) as seen through the telescope. The position of the bands 
is then measured in order to determine the initial fraction of a band, 
in the event of a band not being already centred on the silver ring and 
between the vertical pair of spider-lines. 

The weight, the bending effect of which is to be measured, is then 
placed on the control table, and the latter lowered by the quick movement 
until its hook nearly*touches the string loop. An eye must then be given 
to the interference bands, and the right hand used to continue the lowering 
of the weight with thS utmost gentleness by one of the milled heads of 
the coarse movement, until the hook touches the string ; this can easily 
be done so gently that only a single band moves parallel to itself very 
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slowly past the reference centre of the silvered ring, as the tension on the 
string gradually increases. Becodrse nAist then be had to the fine move- 
ment, and the driving wheel of the latter slowly rotated by means of the 
long lever handle, in the direction which is known by experience to lower 
the weight. The bands will immediately recommence their movement 
and pass one by one as the wheel is rotated, so steadily in fact, tha., each 
band can be held over the reference centre as long as may be desired, and 
the counting is exceedingly easy. Their movement is, *very slow at first 
as the tension on the string is increasing, but they go somewhat more 
quickly as the loop tightens, slackening again, however, towards the 
finish, until eventually the weight is left altogether suspended in the loop 
.and quite clear of the table, when the bands also come completely to rest. 
No trembling of the bands is perceived, owing to the resistance of the 
aluminium disc immersed in the dish of cedar oil. Moreover, the bands 
can be recounted as the weight is again taken up by the table and as 
slowly removed from the loop by the reverse motion of the driving wheel. 
The bands repass equally steadily and deliberately. 

When the weight is in full operation, and the bands are at rest, the 
last fraction is measured with the micrometer just like the first fraction, 
and the two fractions are added to the whole number of traversed bands, 
in order to arrive at the total corresponding to the bending. Similarly, 
on arriving back at the starting-point, with the weight entirely removed, 
the position of the bands is again measured for any fraction, which should 
be the same as at first. The operations can be repeated as often as 
desired, the lateral screws for the fine adjustment of the pressure-point 
being employed between each pair of determinations, and then again 
withdrawn. After the completion of the determinations for the first load,' 
another greater weight is used, and a set of observations taken for it, and 
so on for as many different loads as one wishes to employ. The loads 
generally employed by the author are 100, 200, 300, and 400 grammes, / 
and occasionally, if the plate will stand it, 500 grammes, the limit of the 
instrument. 

The most convenient dimensions of the plate of the crystal or other sub- 
stance investigated are about a couple of centimetres in length, a thickness 
of a millimetre or less, and a width not greater than half the length. 

This description may conclude with an example taken from a series of 
observations made with four plates 2 cm. long of an excellent cubic crystal 
of iron pyrites, FeS 2 , from Cornwall. Each plate was cut by Messrs. Hilger 
truly parallel to a face of the cube, and with its edge-faces parallel to 
the two other rectangular facial planes of the cube. Similar sets of 
plates of fluorspar and rock salt have also been cut and polished by 
Messrs. Hilger, for use in determinations of bending with the elasmometer, 
which it^is hoped to carry out shortly. The length (between the wedges) of 
the plate of pyrites serving as our example was 17 *261 mm., its breadth 
was 8*833 mm., and its thickness 0*876 mm. The number of interference 
bands in red hydrogen light which were caused td effect their transit for 
successive loads of 100, 200, 300, and 400 grammes are given on the next 
page, together with the differences for each increment of 100 grammes, 




0 H.LVin ELASTICITY OF 0RY8TAL8 AND ITS MEASUREMENT* 1347 


and their mean. Plate No. 1 broke under a load of 600 grammes, so 
that 400 grammes is the safe limfb of weight the plates will withstand. 
The observations were made on four^ different days, with at least four 
days’ interval, in order to permit recovery from any slight strain. Red 
C-hydrogen light was employed as source of light, the half wave-length 
of whlfh is 0*0003281 mm. 

The actual distance s through which the centre of the plate was bent 
for a load increment P of 100 grammes was : , 

5 = 2*27 X A/2 = 2*27 X 0*00032^1 =0*0007448 millimetre. 


Plate 2 op Pyrttbs. 


Corrected No. of Banda for load of 

Difference in No. of Bands for 
loads of 

Mean differ- 
ence for 100 
grammes 

100 gr. 

200 gr. 

300 gr. 

400 gr. 

lOOandZOO. 

200 and 300. 

300and400. 

additional 

load. 

2*14 

4-44 

•6-66 

8-99 

2-30 

2-22 

233 

2-28 

2*30 

4*54 

6-76 

9-02 

2*24 

2-22 

2-26 

2*24 

216 

4-45 

6-69 

8-98 

2-29 

2-24 

229 

2*27 

2-27 

4*52 

6*82 j 

917 

2*26 

2*30 

2'36 

2*30 


Final mean corrected number of bands passing for increment of 100 grammes 2-27. 


The above results are observed to be satisfactorily concordant, not- 
withstanding the fact that the number of bands passing per 100 grammes 
of load is so small with pyrites, on account of the extreme resistance to 
bending exhibited exceptionally by this mineral. With most other 
substances very many more bands would pass for the same amount of 
load and size of plate. Perhaps the best indication of trustworthiness of 
the method is the closeness of the numbers of bands in the four experi- 
ments for the highest load of 400 grammes (maximum difference 2 per cent). 

It will be observed that the number of bands recorded in the table is 
referred to as corrected. For before commencing the experiments it is 
essential, as Warburg and Koch pointed out, to determine whether there 
is any bending of the parts of the apparatus, recorded by the movement 
of the interference bands ; a preliminary experiment is made with the 
same loads as are to be used in the determinations, but with a thick 
relatively unbendable block of glass instead of a thin plate. With the 
author’s apparatus this correction is reduced to very minute dimensions, 
only just attaining the equivalent of a single interference band for the 
maximum load of 600 grammes. The actual values of the correction are : 
for 600 grammes 1 *04 band, for 400 gr. 0*86 band, for 300 gr. 0*69 band, 
for 200 gr. 0*61 band, and for 100 gr. 0*26 band. Special proviAon for 
lowering the balance ‘by the depth of the block of glass one centimetre 
thick is made, in order that this correction can be determined, a metal 
packing plate also one centimetre thick being inserted during the con- 
struction between the balance pedestal and the rectangular box on which 
it stands ; this plate is temporarily removed^during the determination 
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of the correction, lowering the pressure, -point to just the right amount for 
it to come under the glass block whefi the latter is in contact with the 
platinum-iridium knife-edges. 

We may now work out for the example of pyrites the actual value of 
E, the modulus of elasticity, that is, the coefficient of resistance to bending 
or dilatation, by use of the formula of Warburg (see page 1335), ' 


PL3 

isi\ 


M3} 


The experimental data are : 


P = 100 grammes, 

L = 17*261 millimetres, 

5 = 8-833, 

«=0-876, 
w = 2-27 bands, 

s = w^= 0-0007448 millimetre. 

2 ' 


The result for E is found to be, for the direction normal to the cube 
face, that is, along any cubic axis : 

E = 29 172 000 + 225 000 = 29 397 000. 


An approximate determination by Voigt, by the older method, with 
a similarly orientated plate of pyrites from Cornwall gave the value 
35 500 000. Other results of Voigt’s, however, were much lower, and very 
similar to that derived from the author’s experiments. Pyrites crystals 
would, indeed, appear to show considerable differences in elasticity, 
possibly due to cavities and enclosures. In any case the coefficient E 
of resistance to bending or dilatation is exceptionally high, which accounts’ 
for the very small number of interference bands which effect their transit 
for 100 grammes of load, compared with the considerable number usually 
observed with a plate of the same dimensions of other substances. Indeed 


Voigt states that his “ Dehnungsko efficient ” E (the reciprocal 


1 

E 


of our E) 


for pyrites, which he f^ves as 2-83x10”®, is the smallest yet observed. 
The value of this reciprocal afforded by the author’s determination is 
3-40x10-8. 


Determination of Torsion, — The Modulus of Torsion F, corresponding 
to Young’s Modulus of Elasticity E, is given by the following formula, 
according to Kohlrausch : 


F= 


27r Kl 
9 


in which g is the acceleration of gravitation and = 9810 , 1 is the length in 
millimetres of the wire of the substance (the usual form in which the 
substance is employed in torsion experiments), and r its radius also in mm., 
K is the moment of inertia^of the twisting (rotating) weight in kilogrammes 
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round the asde of rotation, and I is the time in seconds of an oscillation, 
supposing the weight to be suspended from (hung on) the wire and set 
in rotating vibration round the verti(;fil axis (the wire itself). This mode 
of dealing with torsion by use of a wire, so convenient for metals, is 
obviously impossible of application to crystals. A rod of rectangular 
or circular section, or a prism or slab of rectangular section, are the 
only forms suitable in the case of crystals. 

As already staled on page 1337, the best apparatus hitherto devised 
for the determination of the torsion <jf crystals, suitable for use with a 
rectangular rod, prism, or slab, is that of W. Voigt. The formula employed 
by Voigt as expressing the torsion law is : 

3TNL 

where 6 is the torsion angle, T is the torsion coefficient for a prism or slab 
of the substance «f rectangular section, N is the rotation moment of the 
couple employed to effect the torsion, and L, b, and t are the free length, 
breadth, and thickness of the prism or slab as in the formula for E the 
modulus of elasticity ; / is a function of the sectional dimensions h and f, 
which is constant when the ratio of 6 : exceeds 3, and can be eliminated 
by a combination of observations. The formula is correct as it stands 
when the slab or prism has its length normal to a symmetry plane or 
parallel to a symmetry axis of the crystal. It requires some correction 
factors to be added, however, when the length is oblique to a crystallo- 
graphic symmetry plane or axis. 

Voigt’s Torsion Apparatus.— The apparatus of W. Voigt is shown in Fig. 901 
(one-third size). It consists essentially of a pair of similar and parallel wheels a and 
a\ arranged on a common axis at the two end.s of the apparatus. They are intended 
for alternate use, so that either can be used to deliver the torsion to the bar of the 
crystal or other substance under investigation 6, which lies between them along their 
axis. Each wheel is rotatable between points supported in trestle bearings c and c', 
the base of eacli pair of which is capable of sliding along the rigid base-bar d, so as to 
vary the distance of the wheels apart to suit crystal bars of different lengths. The one 
not in use for the moment as twisting wheel is to bo clamped by the pairs of screws 
ee or c'e'. The rotation of the wheel in use is effected by means of a couple provided, 
in a readily recognisable manner, by the weights placed in the balance pan /; the latter 
is suspended from the beam g, one end of which is attached to the band working the 
wheel, and which passes first over an intervening third similar wheel h, supported on a 
column k. The base of this column is a slider over the front bar of the basal rect- 
angular frame I, so as to enable it to bo placed opposite that wheel (of the pair) whieh 
is to be used as twister. The operation of the weight is controlled by the apparatus 
below the frame, consisting of a wire m, worked by an ordinary door-bell puller, which 
actuates an eccentric if, which in turn raises or lowers slightly the rod o passing 
through a link in the short chain suspending / from g. 

The crystal bar 6 to l!e twisted is clamped at each end in a small gripper qq' 
which is rigidly connected with the wheel by a claw rr', passing without contact over 
the upper narrow end of the inner upright of the trestle support. Adjustments are 
provided to enable the crystal bar 6 to be brought^ that its axis is identical with 
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that of the two wheels aa', that is, identical , with the axis of rotation and of torsion. 
The measurement of the torsion suffered by the bar, on the application of the couple 
to one of the wheels, is carried out by means of a telescope (not shown m the figuw), 
and a scale reflected into the latter from'the mirrors ss' , which aw attached directly 
to the crystal bar 6, and not to the grippers qq' ; for even with the most^careful 
clamping by the latter there is always some sUght “ give ” or motion m the faf emngs. 
Each mirror carries a sharp pair of tongs, or fork, clamped on the bdr, which is hew 
faced with tinfoil in which the edge of the forked fitting pwsses a fine line, se^g 
indicate the exact end of the bar-length the torsion of which is Ueing determined, ^or 
the distance between the two marks in t^e two little tinfoil attachments is taken as the 
wlevant length of the bar, and used as such in the calculations. By means of the 



Fio. 901.— Voigt’s Torsion Apparatus. 

milled heads ttf the two mirrors can be regulated so that the two images of the scale 
reflected from them, the wlative movement of which affords a measure of the torsion 
suffewd by the bar, are brought simultaneously into the field of view of the telescope. 
A movement of the scale of one millimetw corwsponds to a torsion of 20 seconds 
of arc. 

Principle o! the Interference Torsometer.— The torsion apparatus now 
under construction for the author is a refinement of the Voigt ag)aratuB 
in the following particulars, which it is hoped will render it sumciently 
delicate for use with relatively very small crystal bars, say two or three 
centimetres of relevant length, as in the case of the plates for the elas- 

Q) It is constructed on a somewhat smaller scale, but with great 
mechanical accuracy and delicacy, so as securely to grip and apply torsion 
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to such small crystals as have just been referred to, instead of being 
applicable only to such naturally occurring mineral crystals as are obtain- 
able in considerable size. These latter, however, may also be readily used, 
and when available are naturally preferable. 

Instead of the mirror method of magnifying the torsion by reflecting 
a scale into a telescope, the torse movement at the two relevant end- 
points is communicated to two horizontal sliders, each carrying a very 
finely engraved ficJucial mark, the movement of which i^ observed, followed 
up, and measured in interference b^nds, with the aid of a travelling 
microscope carrying one of the interference surfaces, as in the Inter- 
ferential Comparator to be described in the next section. 

(3) The method of applying the weight used to produce the mechanical 
torse-couple is to be similar to that employed in the case of the elasmometer. 

The Interferential Comparator referred to in (2) above is an apparatus 
designed by the author for the Standards Department of the Board of 
Trade, in compliance with a request to adapt the interference interfero- 
meter used in the dilatometer and elasmometer to the comparison of 
standards of length. The success which attended the effort, and the 
experience therein gained, showed that the optical portion of the com- 
parator (omitting the second microscope) provided a perfectly general 
method, of the utmost refinement yet attained, for the measurement of 
small amounts of motion of any kind whatsoever. As these optical parts 
of the comparator are immediately suitable for use with a torsometer, 
without any modification other than their mode of basal support, it will be 
best to describe first the essential features of the comparator. 

The Interferential Comparator for Standards of Length.— There is no 
necessity for Part B of the interferometer (Fig. 894, page 1331) to be verti- 
cally suspended, when used for purposes other than those of the dilatometer 
and elasmometer, and an excellent example of its horizontal employment, 
the whole optical arrangement being then horizontal, is afforded by the 
Wave-Length Comparator for Standards of Length which was installed 
under the author’s direction in the year 1909 at the Standards Department 
of the Board of Trade. For full details of this instrument the author’s 
memoir^ should be consulted, but as the apparatus has many points 
which will prove very useful in future crystallographic investigation, and 
the optical portion is already being duplicated for the author’s own 
laboratory, for use with the torsion apparatus, a brief description will 
next be given. 

Fig. 902 gives a general view of the whole comparator, and Fig. 903 shows the 
essential parts as far as the right-hand half of the apparatus is concerned, the omitted 
left half including the second microscope. F^. 903a gives the arrangement of the 
glass interference plates and their supports and adjustments, about a horizontal 
optical axis. Part A of the interferometer (Fig. 894), standing to the extreme right 
in Fig. 903, is exactly is already described. 

The large wheel with divided circle to the right of the centre and on the immediate 
left of Part A is the driving wheel for the very fine movement of a travelling microscope, 
the minute amount of motion of which is to be measured in interference bands, and to 

1 PhU. Trans., A, 1909, 2J0, 1. 
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which the movable black glaas disc (the polishpd flurface of which reflects one of the 
interfering rays) of the interference apparatus iS rigidly attached. This microscope is 
the right-hand one of a pair of similar microscopes, arranged above the two ends 
of the standard bar under observation. For instance, the Imperial Standard Yard, 
constructed of Baily’s metal (16 parts copper, tin, and 1 of zinc), and one inch 
square in section, is shown in position in Fig. 903. One microscope is ar^wiged 
over each of two little gold studs, countersunk in holes half an inch deep (that 
is, to the position of minimum flexure) and on which the defining marks indicating 
the limits of the yaril are engraved, about one inch from etfch end of the bar. 
The two microscopes, of which only the, right -hand oii® is shown in Fig. 903, are 
carried on heavy blocks which slide on a very rigid V-and-plane bed; both the 
microscopes on the blocks, and the latter on the bed over which they slide, are 
arranged complementarily, in a right- and left-handed, laterally inverted, manner, 
the microscopes being near the inner ends of the blocks (so that they can be brought 
very close to each other when measuring small objects), and the driving screw heads 
at the outer ends for convenience of manipulation. Each microscope carries two of the 
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black glass discs, one on each side, just above the height of the objective, the one on the 
right of the right-hand microscope being usually the only one in operation, marked g, 
in Fig. 903a, The other interference discs and of colourless glass, are carried 
independently, as shown in Fig. 903a, by a fitting attached (with possibility of tight 
sliding and then fixation) to a dove-tail rib running along the side of the bed. 

The dispersing apparatus in this instrument is a very large Hilger constant 
deviation prism (see page 966 and Fig. 718), instead of the train of two refracting 
prisms ; it is carried on an adjustable and divided goniometer table, and is horizontally 
arranged along the same axis as the interference discs, being su;^ported in an adjustable 
manner, with possibility of sliding and fixation, along the same dove-tail rib carried 
along the fnont face of the V-and-plane bed. The interference apparatus, shown best 
in Fig. 903a, consists essentially of three truly plane thick glass plates flfj, g^, and g^. 
The two marked g^ and g^ are of colourless glass, 6 cm. in diameter and 1 cm. 
thick) with the two surfaces of each inclined 36 minutes to each other ; they replace 
and act as the cover -wedge and dispersion • countervailing wedge -disc of the 
Interferometer as already described. They are mounted about a fixed thick metaUio 
diso-annulus G, in a manner which permits the adjustment of each glass plate about 
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the diflo by three screws, h for one ^jiate and k for the other ; the disc has a oentral 
circular clear aperture of one inch fliameter, corresponding to the diameter of the 
polished surface of the black glass plate gt- The carrier (also marked G) of the disc 
is also vertically adjustable by the screw ml, and fixed by the clamp/. The dispersion- 
countervailing disc is adjusted sufSciently out of parallelism with the interference 
disc#, to get rid of the reflections from its surfaces, and the 35' inclination of the back 
surface (furthest from the microscope) of g^ to the front surface is adequate to eliminate 
also the reflection from this back surface. The front surface (nearest the microscope) 
of g^ is the importaA; one which is relevant to the interference, and it carries at its centre 
the little silvered ring the centre of whicj^ is the reference centre ; it is adjusted to 
approximate parallelism with and to about three- 
quarters of a millimetre distance from the outer 
polished surface (also relevant to the interference) of 
the black glass disc ^3 carried by the microscope (the 
inner surface of this latter disc not being required and 
therefore ground dull). The black glass disc g^ has 
been once for all arranged so that its polished surface 
is truly perpendicular to the horizontal optical axis of 
the system, and parallel to that of the microscope. The 
surface is adjusl»d with the aid of tho three screws 
h, for the production (by tho mutual interference of 
tho reflections from g^ and g^) of a field of interference 
bands of suitable width, and upright in the field of 
view (as in Fig. 891), parallel to the vertical pair of 
spider-lines, when viewed through tho micrometer 
eyepiece of the interferometer telescope. Red hydro- 
gen or yellow neon light is conveniently used during 
these adjustments and for purposes of demonstration, 
but red cadmium light is employed in actual measure- 
ments, that limb of the H -shaped Geisslcr tube which 
contains the small piece of cadmium being heated to 
a temperature of 200° to 250° C. in order to volatilise 
the metal. 

The correct adjustment is Hlnstrated in Fig. 904, p,, signri.lmwM 

which represents the positions of the five images of from the Five Surfaces, 
the signal-stop of tho interferometer telescope re- 
flected from the five glass surfaces, as seen when the simple eyepiece is used instead 
of the band- viewing ocular. A is the imago from the black glass surface g^, and is 
best allowed to remain fixed, as this surface has been once for all carefully adjusted 
by its own little adjusting screws so that it is exactly normal to the horizontal 
optical axis of the optical train ; B and 0 are from g^, and D and E from g^ A and 
B are to be brought to overlap as shown in the figure, by use of the screws h adjusting g^* 
the overlap being nearly but not quite laterally complete, while vertically exactly 
complete. A' shows the sort of position A usually occupies when first found, assuming 
approximate adjustment to have been effected; it is rarely further away than this, 
and can readily be brought to its proper position A by use of the adjusting screws h. 
When Qi is also adjusted by the screws k so that the images are arrangqfi as shown 
there can be no interference by the four spectra from gj and gj with one another. 
The adjustment, as a whole, of the thus arranged set of five images— so that A and 
B occupy the central position, as in Fig. 904, and are alone within the small dotted 
circle representing the iris aperture, while the other images 0, D, and E are all 
excluded by the iris diaphragm— is effected by the adjustment of the whole 
telescope for height, azimuth, and altitude. 

The V-and-plane bed on which the mioroscopSs travel, and to a dove-tailed nb 
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(engraved with a scale) extending along the vfhole front of which the interference 
apparatus and constant deviation prism fitting are attached, is of specially chosen 
cast iron, 6 feet 6 inches long, and most carefuUy worked as regards the V-and-plane 
surfaces. It rests in a plinth of the same metal, bolted down to the upper surface of a 
stone block 7 feet 6 inches long, 4 feet 4 inches high above the floor of the room, and 
2 feet 2 inches thick at the base. This in turn rests on a concrete basal block ^oing 
right down 4 feet to the foundations, with an isolating air space of 6 inches all around. 

Each microscope is mounted on a thick horizontal-fine-movement sliding slab, 
also of the same cast iron, 10 inches long, the movement of whi^ is brought about, 
with no trace of backlash owing to a special device, by the all-important finely 
pitched screw, with V-and-plane contact, over a similar but thicker block of steel 
(for smooth sliding) 11 inches long; this in turn slides on the V-and-plane bed, 
thereby affording the coarse adjustment. The fine screw of half -millimetre pitch 
(l/50th inch) carries near its end a large silver drum -head, graduated directly into 
a thousand parts by a method which will be found fully described on page 1344 ; 
at the actual end of the screw a large milled head is provided for quick hand- 
rotation of the screw and consequent relatively more rapid traversing of the micro- 
scope when the excessively slow rotation is not required, as when effecting preliminary 
rough adjustments. The screw also carries, just before the drum, a driving 
worm-wheel with 100 teeth, gearing with an endless screw for#3ffccting the slow 
driving, the shaft of which is prolonged in front, and connected by means either of 
a rigid steel shaft or more conveniently by a flexible coiled steel-wire tubular shaft 
to the axle of the large divided wheel seen in the right foreground in Fig. 903, by 
rotation of which the traversing of the microscope is actually effected. Each complete 
revolution of the wheel corresponds to the traverse of the microscope and its black 
glass disc for 0*006 millimetre parallel to the bed and to the length of the standard 
bar under observation, a movement which is accompanied by the passage of 15 
interference bands of red hydrogen or cadmium light. Thus more than an inch of 
movement of the circumference of the wheel is required to effect the passage of each 
band, a degree of delicacy of control which is very convenient and satisfactory. The 
passage of the bands occurs with perfect steadiness, parallel to themselves upright 
in the field of view and parallel to the pair of vertical spider-lines of the micrometer 
eyepiece. The field of interference bands (shown in Fig. 891 on page 1311) afforded 
by this instrument is magnificent, and the hundredth part of the width of a band 
(distance between centres of two adjacent bands), corresponding to a movement of 
the microscope of approximately one eight-millionth of an inch, can be read off from 
the eyepiece micrometer with the greatest facility. The flexible shaft is a great 
satisfaction, as it avoids all strain and yet delivers the motion of the wheel with 
surprising perfection and absence of lag. 

Another large cast-iron V-and-plane bed rests in a plinth, like the upper bed, bolted 
down to the stone block, in a step cut out of the latter below the top in front. This 
carries an elongated narrow adjustable table for the support of two bar measures, for 
instance, the standard bar and a copy which it is desired to compare with the standard 
bar, as shown in Fig. 902 ; the table is provided with both quick and fine adjustments 
for its longitudinal movement and variation of its horizontal position on the bed, and 
also with a traversing motion perpendicular to its length (a very smooth movement 
in V-slides, one near each end at the Airy positions for rigidity), a fine adjustment for 
azimuth, and another for level. There are three interchangeable table tops ; one is a 
truly plane experimental slab, another is fitted with friction rollers, in the approved 
manner and at the right positions (symmetrical points near each end determined by 
the Airy formula^) for minimum flexure, for the indepei^dent and simultaneous 

The well-known formula of Sir George Airy is d-lNn^ - where d=the dis- 
tance between the supports, {=the length of the object supported, and n=the 
number of supports. ^ 
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support of two line-measure bars, and a third provides for the support of a line*, 
measure and an end-measure. • 

The whole room in which this interferometric comparator for standards of length 
is installed is controlled by an electrical thermostat, so that the temperature remains 
always at 82® Fahrenheit (16'66® Centigrade), the temperature at which all comparisons 
and measurements are required to be made. For the whole period of the several years 
whi^ have now elapsed since the installation was completed (in the year 1909), the 
thermograph has recorded an absolutely straight line, that for 62° Fahrenheit. 

In order to con^are two bars, (1) the standard bar is arranged on the adjusting 
table so that the two defining lines near the ends of the bar are focussed by the two 
microscopes and adjusted to the spider-liilbs ; (2) the standard bar is replaced by the 
bar to be compared (already in position parallel to the standard bar), by use of the 
front-to-back traversing movement of the table, and the left-hand defining mark is 
adjusted under its microscope by the longitudinal movement of the table ; then, if 
the right-hand defining mark is not also thereby found to be automatically in 
proper adjustment under the right-hand microscope carrying the black glass inter- 
ference disc in use, as it will only bo when the copy is absolutely an exact replica of 
the standard, (3) that right-hand microscope is traversed until it is so adjusted, by 
rotation of the large fine-adjustment wheel (in front and slightly to the right in 
Fig. 903) which ^ffects the excessively slow and steady movement of the slider 
carrying the microscope ; (4) this third process is accompanied by a corresponding 
and simultaneous passage of interference bands, and these are viewed through the 
telescope and counted as they pass the reference spot, the centre of the miniature 
silvered ring at the centre of the relevant reflecting surface of the largo colourless 
glass disc of the interference apparatus, and measurement of any final fraction of 
a band is made with the aid of the micrometer and its pair of vertical parallel spider- 
lines, a similar determination of any initial fraction having been made before carrying 
out operation (3). 

The fineness of the sliding movement of the microscope, its absolute 
steadiness, and the perfect control over it, are the essential features of 
this application of the author’s form of interferometer, which have rendered 
it so successful as regards its specific object, and have constituted it the 
most accurate measuring instrument in existence at the present time. It 
was constructed by Messrs. Troughton & Simms. 

A further reference to the instrument will be found on page 1373, 
regarding the use of the high powers specially supplied with the two 
microscopes for use with the Grayson rulings of 40,000 lines to the inch on 
speculum metal, and the value of these rulings as defining lines of extreme 
refinement for standards of length, comparable with the delicacy of the 
method of measurement in wave-lengths of light. For the one forty- 
thousandth of an inch is the wave-length of red light, and corresponds to 
the passage of two interference bands only (in red cadmium or hydrogen 
light), whereas the defining marks on the Imperial Standard Yard, although 
excee^ngly fine scratches quite satisfactory for the finest mechanical modes 
of measurement, are of such a thickness as corresponds to the* passage of 
no less than 46 interference bands, and even the finest marks on the more 
recently constructed (1902) copy, a bar of Tresca-shaped section (between 
H and X shape) constructed of platinum-iridium, correspond to the passage 
of 16 interference bands. It will be .shown in the next section that these 
rulings, 40,000 to the inch, are capable of being utilised in the torsometer, 
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or any other fine measurement requiring a fiducial mark. Fig. 906 shows * 
the appearance of such a fiducial defining»line signal, or “ location signal,’^ 
composed of five rulings 1/40,000 of an inch apart, ruled for the 
Standards Department by the late ^rof. Grayson (whose early demise 

is most regrettable). The 
central line (the third) of the 
five seen close together in 
the central part of the figure 
is the actual defining line, 
and when all five are clearly 
resolved this central line, as 
indeed are all five, is quite 
sharply separated from its 
companions on either side, 
using the l/16th inch dry 
objective supplied by Mr. 
Conrad Beck. The two 
stronger vertical lines and 
two similar horizontal ones 
are coarser rulings added to 
aid in first locating the 
signal under a lower power, 
a I -inch objective being 
especially suitable. The 
single horizontal diametrical 
line, and the pair of vertical ones to the left of the five fine rulings, are 
the spider-lines of the micrometer, and the vertical pair can be readily 
brought to isolate and centre the third (middle) all-important line of the 
five rulings, the actual defining line. 

The necessary illumination of the rulings, or whatever fiducial mark 
is under observation, or opaque objects in general, is afforded by a clear, 
thin, truly plane and parallel-surfaced glass reflector, carried in the micro- 
scope tube just above the objective and adjustable from without by a 
graduated milled head ; a little adjustable tube carrying an iris diaphragm at 
the end nearest the reflector, and a lens at the other outer end, enables the 
light from a Nernst lamp at some distance, filtered through copper sulphate 
solution, to be concentrated by the reflector on the object to be focussed. 
The intense greenish-blue light afforded proves admirable for effecting the 
maximum possible resolution of Grayson rulings, and very pleasant to the 
eyes, avoiding all strain. 

The Torsometer. — The following parts of the comparator as just 
described are being reproduced for the purposes, among many others 
connected With crystal research, of the torsometer now under construction. 
They comprise 2 feet 6 inches of the right half of the upper V-and- 
plane bed and all that it carries, namely : (a) An exact duplicate of one (the 
left one) of the two travelling microscopes, with fine screw movement 
complex and carrying the black glass disc (Fig. 903a) which furnishes 
one of the two surfaces relevant to the interference. (6) The colourless 
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^glass interference discs and and their supports and adjustments. 

(c) The constant deviation prismSand its rotating table and adjustments. 

(d) A sufficient length, 2 feet 6 inches, of the V-and«plane bed on 
which the microscope block travels, ’and to a dove-tail along the front of 
which (6) and (c) are attached, (e) The large wheel for actuating the 
mov#nent of the driving screw of the microscope by means of the con- 
necting fleidble-coil steel shaft. In addition, of course, there is (/) the 
interference telescope, with its Geissler tube and adjustable stand, already 
provided for the purposes of the dilatometer and elasfnometer, as shown 
in Figs. 888 and 890 and at A in Fig? 894. 


The V-and-plane bed (part d) with the parts a, b, and c that it carries, is mounted 
on a truly plane iron plinth as in the comparator, but of only the same length, 2 feet 
8 inches, as d. This plinth is carried by two stout supporting pillars of considerable 
extent backwards, and arranged at the Airy positions, above a cast-iron rectangular 
base -plate 28 by 34 inches in size and of great rigidity, so that the large hollow 
central part or arch will afford ample space for the accommodation under the 
microscope of the 8i)ecific apparatus which carries the object, the movement of which 
is to be measured, ^n this case the torsometer proper carrying the crystal bar and 
the means of applying torsion to it. The wall-like pillars forming the sides of 
the arch spread out into capitals above and plinths below, and as they descend 
towards the base they deepen considerably backwards, leaving ample working space 
in front, while affording a very solid and rigid support for the whole structure, being 
finally bolted down to the base-plate of the whole apparatus. 

The torsometer proper is not to rest directly on this ground plate, but on an adjust- 
ing table, which is to serve for the adjustment under the microscope of whateverobject— 
on its special carrying apparatus— is to be brought to measurement. This adjusting 
table is as large as can be conveniently accommodated under the arch ; it affords three 
horizontal movements, two of them being rectangular and worked by two screws with 
wheel heads affording 2 inches of fine adjustment, sideways and back-to-front, 
the latter supplemented by extensive coarse adjustment in dove-tailed guides ; and 
the third being a circular movement worked by a large milled-headed screw, all these 
screws being fitted to act with the minimum of backlash. It is also adj ustable vertically 
for height, by levelling screws affording two inches of possible vertical adjustment. 

The interferometer telescope with its Geissler tube attachment is to be mounted 


separately, in front, on the right, and directed to the constant deviation prism, set 
for the passage of light of the particular wave-length (of hydrogen, neon, or cadmium) 
to be employed in producing the interference bands. On the left, leaving ample 
working space in the middle of the front, is to be placed the largo fine-movement 
control wheel, by which the endless screw of the driving worm-wheel for the fine 
movement of the microscope is worked, a flexible-coiled steel shaft forming the 
connection as in the case of the comparator. The wheel is to be mounted on its 
own very rigid stand. The fact that the microscope is a dupUcate of the left-hand 
om of the comparator rather than the right-hand one affords much more working 
space in the middle front of the apparatus, between the wheel on the extreme left 

and the interferometer telescope on the extreme right. , , 

The torsometer proper is intended to be similar to the apparatus of V^igt as far 
as that portion of it oft the top of the rectangular frame-stand is concerned, shown 
in lig. 901, page 1360. The legs of the stand are to be omitted, however, bemg 
^ gg,ch comer of the frame, which will rest 


replaced by four levellini^ screws, one - 
diLay on the edjueting table ebove dewribed, mi ere to be eecui^ 
one of the fevelling wrewe. by looting eorew-ohiini*. The frame andall that it oaraea. 
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however, are to be somewhat smaller than in Voigt’s apparatus, and the parts 
delicately constructed, although rigidly, so as tj) take not only fairly large bars similar 
to those used by Voigt (when available) but also quite small crystal bars. 

The weight-applying apparatus is to qonsist, as in the elasmometer, of a balance 
pan, directly suspended from the cord passing over the front wheel in Fig. 9Qli‘ 
oarrying*from the upper bar of its suspension frame a soft string loop, from which the 
weight of which the torsion eflFect is to be measured is to be gradually hung by il^ hook ^ 
(which replaces the usual knob in the set of platinised weights supplied with the elasmo* 
meter), with the aid of the vertical fine movement of the litt^ table on which the 
weight rests in the firsV instance, as shown to the right in Fig. 898 on page 1340. The 
damping disc dipping in a dish of cedar eil, carried below the pan when used for the 
elasmometer may not be required when used for the torsometer, but is available if 
desired for experimentation purposes. The pan is to be retained, however, for the 
reception of the initial constant weight or weights with which it may bo desired to 
commence the determination. 

In the place of the two mirrors and their forked earriers of the Voigt apparatus 
there are to be two very delicately constructed gripping tongs, each tightly clamped 
to the bar and provided, as in Voigt’s apparatus, with straight edges which press a 
mark in a fragment of tinfoil attached to the bar. Each is to be fitted with a radial 
arm, which can be adjusted to, and fixed very rigidly at, any desired position, and 
will usually be arranged at the commencement of a determinrfiion truly vertically 
(when the initial constant weight is in operation), so as to project upwards above the 
bar. When torsion is applied to the erystal bar, this little vertical arm will naturally 
move with the twisted bar slightly to one side, and in doing so it is to be made to 
communicate its motion to a very light horizontal slider carrying the fiducial mark to 
be observed through the microscope. The arm edge is always to be maintained in 
close contact with the straight-edge end of the slider, by means of a light spring, 
fitted in a cavity in the guiding bed and pressing against a projection carried by 
and under the slider. The other end of the slider is to carry a small square black 
glass disc (about 8 ram. square) attached in a manner adjustable by three screws, 
so that its reflecting surface may be adjusted exactly vertical and perpendicular to the 
length of the slider. This will enable an alternative mode of measurement to be 
adopted when the amount of torsion is exceedingly small, namely, by using these two 
little black surfaces, adjusted absolutely parallel to each other, directly with the 
colourless glass surface of for the production of interference bands, instead of using 
the microscope and its black glass disc at all. The microscope can easily be removed 
out of the way, by hand sliding along its V-and-plane bed, and also both the colourless 
interference discs fitting and the constant deviation prism fitting can be lowered if 
this be needful in order to bring the disc g^ and the slides on the same level, so that 
the little black discs (close together and with their surfaces in the same plane) can be 
brought up to within the necessary millimetre or so of distance from the surface of gfj. 

Several pairs of these sliders are to be provided, carrying fiducial engraved marks 
of various degrees of fineness. The most refined, intended to be used in the actual 
determinations of the torsion of crystal bars, is of the character described on page 1367, 
consisting of five Grayson rulings 1 /40,0(X)th of an inch apart, as shown in Kg. 906, 
the middle one (the third) of which, as already mentioned, is to be regarded as the 
actual fiducial mark or signal. These rulings were made on speculum metal by the 
late Prof.^Grayson in Melbourne, and the small rectangular plates of speculum on 
which they are ruled are mounted with a suitable cement on t^e top face of the slider. 
The rulings are very clearly defined by the microscope when the Beck l/16th-inch 
dry objective is employed, as in the case of the comparator, 

The supporting guides for the two parallel sliders are to form part of a columnar 
readily removable attachment to whichever bar of the frame is on the right when 
the apparatus is in position under the microscope. The sliders themselves are 
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flon^ftted ivotangular in shape, with flat tops and V-and-plane shaped below, oorre- ’ 
fading to the V-and-plane beds ever which they glide almost without friction, . 
The end to be in contact with the pushing arm-edge is in each case a true straight- 
.edge accurately perpendicular to the lerigth of the slider, and the other end carries 
the black glass interference disc as just described. Sliders in steel, agate, and 
alun^um (or a harder alloy containing aluminium) are to be provided, and experience 
will teach which are most useful and convenient and afford least friction. The parallel 
pair of V-and-plano guide supports for the sliders are adjustable for their distance 
apart, to accommoilate crystal bars of tlifferent lengths ■yhile preserving strict 
parallelism, by suitable screw motions. 


The untimely death of Professor Grayson, and the probability of 
difficulty being experienced in obtaining more of the wonderful rulings 
by his machine, together with the fact that it has been found possible 
in the case of the comparator to adjust each band, one after the other, 
exactly to the reference centre and to maintain it there for quite a long 
time, by the fine movement of the' microscope carrying the black glass 
surface (of the two surfaces concerned in the interference), have decided 
the author to a^d a ruling apparatus to the instrument now under con- 
struction. It is to be carried by the same V-and-plane slab as carries 
the microscope, but readily detachable when not required. It will then be 
possible, as each band is adjusted, to rule a line, using the finest obtainable 
diamond point, selected as described on page 1170. Such a series of 
rulings would be the l/80,000th of an inch apart, and would be too fine 
for practical use. But lines ruled corresponding to every second band, 
which would be easier to produce, corresponding to the 1 /40,000th of an 
inch apart, are just what are needed, and it is for the purpose of making 
such rulings that the ruling apparatus is being added. Rulings j)repared 
in this manner, actually ruled directly against interference bands, ought 
to possess quite a special value as regards accuracy of spacing and know- 
ledge of their exact distances apart. 

The torsometer proper will be a symmetrical instrument (or capable 
of being made so by proper adjustment of the movable parts) about a 
vertical plane of symmetry parallel to the ends and passing through 
the centre of the crystal bar. Hence it will be reversible by rotation 
for ISO® in the horizontal plane and about the vertical axis, so that 
torsion may be applied at either end, that end being brought near to the 


observer and the other end inserted under the arch. 

The method intended for the use of the instrument is that a series of 
couples of increasing force shall be applied to the crystal bar, by the wheel 
at the end nearer the observer, the bar being held at its two ends in the 
grippers with its axis parallel to, and identical with, that of the two (near 
and far) wheels. The weight in each case is to be gradually let down into 
action in its string loop (attached to the frame of the pan susperffled from 
the third movable trheel) by the fine-movement of the tabular ended arm 
on which the weight is first placed. The angular torsion produced at the 
two positions near each end of the bar, where the gripping edges of the 
little fitting mark the tinfoil attached to the bar, is to be communi- 
cated to the two lespective sliders by the rigid vertical rtidial arm carried 
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by tbe fitting, as a tangential movement i,n each case. The far one of these 
two movements will be excessively small, and its terminal point is to be 
regarded as the zero ; while the moyement at the near position will be 
relatively larger, but still small. These movements are each to be 
measured in interference bands by following up the fiducial mark in each 
case with the travelling microscope, counting bands the while, the e^id of 
the movement being determined when the cross spider-lines of the micro- 
scope are once more adjusted over the central line of •the five Grayson 
signal rulings. One of the sliders, preferably the far one, will have already 
been in position under the microscope, and the second, the near one, is 
to be pushed in and adjusted underneath the microscope by means of the 
back-and-front movement of the adjusting table, which is effected truly 
parallel to the axis of the torsometer. It is only necessary to traverse 
further the microscope from the terminal position of the first (far) slider to 
that for the second (near) slider, until the signal of this latter slider is in 
turn adjusted to the spider-lines, in order at once to obtain the differential 
tangential movement between the two positions on the bar marked by 
the gripping edges. For the actual tangential distance i is obtained by 
multiplying the number of interference bands by the semi wave-length of 
the light employed. This tangential distance d is then to be converted 

into the actual torsion angle 6 by means of the formula tan 6--, where , 

T 

r is the radius of the circle, counted from the centre of the bar and axis 
of torsion to the point where, at the vertical initial position of the radial 
arm, its edge touches the knife-edge end of the slider, a length in milli- 
metres determined once for all (the height of the axis of torsion and 
that of the contact straight edge of the slide being constant). As r is 
constant a table of angles corresponding to definite tangential lengths d 
can once for all be prepared, when the angle of torsion can immediately 
be read off. 

A duplicate series of determinations with the same weights can then 
subsequently be made with the torsometer rotated 180°, and the couple 
delivered from the other wheel ; that is, with the instrument laterally 
inverted under the arch so that what was formerly the near end is now 
the further one, and vice versd, and with the auxiliary (third) movable wheel 
moved along the frame till it is opposite the other wheel, now also at the 
end which is nearest the observer, as is most convenient and where alone 
there is open space enough for it. A series of half-a-dozen different sets 
of such duplicate determinations will, of course, be made, in each of the 
two positions 180° apart in the horizontal plane, in order to be sure that 
concordant results are obtained and no sources of disturbance, such as 
cracks in the crystal bar, are operating. The true torsion can then be 
taken as^the mean of the angles obtained as the results for the two cases, 
of the torsion being applied at the two different ends* of the bar. 

In the event of crystal bars of greater lengl^fi than those usually 
alone obtainable being available, affording a torsion of corresponding 
larger amount than is conveniently counted out in interference bahds, as, 
for instance, when the numbej: of bands exceeds a thousand, the mechanical 
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movement of the microscope, which is recorded by the large silver drum in 
l/2000th millimetre units, may Be utilised. Also it will be quite possible 
as a method of internlediate refineipent, to use a Grayson scale of 40,000 
to the inch rulings for the purpose, each interval of which corresponds to 
two interference bands, and every tenth or fifth being ruled distinctly 
lon^r to assist in their counting. The interferometer need then only be 
used to determine the final fraction of a ruling in interference - band 
hundredths. Indeed the instrument affords, in the pso vision made in the 
optical part of the comparator whiqfi is utilised, and in the additional 
fittings and accessories provided, every possibility and variety of method 
of measurement, from the most accurate mechanical mode to that of the 
ultra-refined interference method, and that particular mode of carrying 
out the determination can be adopted which affords the necessary 
degree of refinement, having regard to the amount of experimental error 
which is observed, as indicated by the differences in the results of 
different determinations on different days with the same crystal bar. 

When very small crystals are being dealt with, for which the amount 
of torsion even «t the position of greater movement only amounts to a 
few readily counted interference bands, it will be possible to use the direct 
method without the aid of the travelling microscope, by utilising the two 
little black glass plane-polished disc-surfaces of which one is carried at 
the outer end of each of the two sliders. To get clear of the niicroscope it 
can be slid out of the way, and provision is made for lowering the two 
fittings carrying the colourless glass interference plates gi and 02 , and the 
constant deviation prism, respectively, from their positions opposite the 
black glass interference disc of the microscope to the lower level of the 
sliders. The interferometer telescope will also require to be lowered to 
the same level by its vertical rack-and-j)inion movement. In all proba- 
bility it will be possible to see the bands afforded by both the little black 
glass plates of the two sliders, close together in the field of view simul- 
taneously, the diameter of field being such as will probably just take 
them in when side by side without much interval. The movement of 
both of the two sets of interference bands, corresponding to the torsion at 
the two positions where measurement is occurring, can then be followed 


at the same time. 

It will also be possible to arrange for the movement of the crystal bar 
at the terminal relevant positions of the gripping edges to be communicated 
to two vertical sliders, by making the radial pushing arms take a horizontal 
position instead of vertical before the tension is appUed. The vertical 
sliders would be two close together, of similar type to the one 8|iown in 
Fig 899 on page 1342 in connection with the elasmometer. Provided the 
bar of crystal were not too large, and that the movement communicated 
to the vertical sliders were therefore relatively small, the contrdl effected 
by the special control apparatus would be so good that no microsco^ 
would be required, aijd the measurement could be effected directly by 
the same vertical suspLded tube (part B of Fig. 894) of the interferometer 
as is used with the elasmometer and the dilatometer. 

It is intended tt) test this method in cases where very shiall crystals only 
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are available. The method in which the travelling microscope is used w^ill, 
however, be the one of general applicatidn, for crystals of all sizes. 

This chapter will close with a brief account of the interference pheno- 
mena utilised in the two other forms of apparatus, those of Michelson and 
of Fabry and Perot, as no account of interferometry could be considered com- 
plete without them ; and also finally with the description of an interacting 
interference phenomenon exhibited naturally by crystals of mica, which by 
reason of its parallel plate or film structure exhibits dire^ttly effects similar 
to those afforded by the Michelson ^nd Fabry and Perot interferometers. 

Before passing to the consideration of these other interferometric 
methods, with which it is essential that the crystallographer shall be 
familiar, as they are bound to be used in future crystallographic research, 
in addition to the author’s method, it should be stated that — 

Three principles underlie all interferometry, and it will be convenient 
if these principles or different modes of working are first briefly laid down. 

(1) When the two reflecting surfaces contributing to the interference 
are rigorously parallel, the light monochromatic and the thickness of the 
air-film (or other separating medium) not too great for the specific radia- 
tion used, and the telescope is adjusted for parallel rays (to infinity) and 
is directed normally towards the surfaces with its axis passing through 
their centres, a system of concentric circular interference fringes are seen, 
on looking through the telescope, around the centre of the field. The 
diameters of the rings obey the law of Newton’s rings, with the difference 
that the order of interference diminishes as we pass outwards from the 
centre. The only essential condition about the incident light is that it 
must cover the field ; it need not be composed of parallel rays. This 
method is suitable for great as well as small path-differences, up to the 
limits imposed by the degree of monochromatism (unresolvability) of the 
radiation employed. The rings are curves of equal incidence, as in the 
convergent light figures of uniaxial crystals. A simple plate of glass with 
parallel and silvered faces will serve, and almost equally well when only 
one face is silvered. The thickness of the medium-film is then of 
course fixed. Two plates are more convenient, however, to afford 
a possibility of varying the thickness of the medium (air)-film, and the 
two interior surfaces facing each other at close quarters, concerned in the 
interference, are usually silvered, while the two outer ones are not and are 
inclined at a very minute angle (a very few minutes) from true parallelism 
with the silvered surface of the plate in each case, in order to eliminate 
the light reflected from them out of the way. When the thickness of the 
air-film is increased by the retrogression of one of the plates paraUel to 
itself, the rings are observed to appear successively at the centre and to 
expand and move progressively outwards, at the same time becoming 
closer to*each other. On the other hand, the rings diminish and proceed 
towards the centre, disappearing there in turn eventually, when the air- 
film is made thinner. The circular interference frjnges may also be seen 
by directly transmitted monochromatic light, the actual rings being then 
complementary, bright instead of dark at any particular place, the 
centre being a Aright spot instead of a dark one. They are, however. 
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much stronger by reflected lights in which form they are generally used. 
Both Michelson, and Fabry and Perot, employ this principle (1), the 
latter terming it that of the “ ^talon Interferentiel.” 

(2) When the two interference-producing surfaces are very slightly 
incited from strict parallelism to each other, the intervening nir-film 
being thus wedge-shaped to a scarcely perceptible extent, the light being 
strictly monochromatic and incident normally on the film of air in strictly 
parallel rays, the*thickness of the air-film being smaW and order of inter- 
ference low, parallel rectilinear -and almost equidistant interference bands 
are seen, on looking through a telescope focussed on the reference mark 
made on one of the two surfaces (a millimetre scale with cross-line at 
right angles in the centre, engraved in the silvering in the case of one of 
Fabry and Perot’s surfaces). These localised straight bands are parallel 
to the edge of the wedge, that is, to the line of intersection of the two 
surfaces produced. The outer surfaces are slightly inclined to the inner 
ones, as for (1), to eliminate their reflections, Fabry and Perot employ 
this principle (2) in their “ Lame ^talon.” It is also this same principle 
that underlies Ae author’s interferometer, but one of the })air of equal 
wedge-plates is used exclusively to counteract the dispersion of the other 
essential one, and a third disc of black glass furnishes the second reflecting 
surface concerned in the interference (its other surface being matt) ; the 
outer surface of the essential disc of the pair being the other important 
surface, bearing the silver-ring reference mark, the air-film between them 
being wedge-shaped. Wlien either of the surfaces is moved parallel to 
itself, so as to increase the thickness of the air-film, the bands move 
towards the thinner part of the film and edge of the wedge, and in the 
contrary direction when the movement of the surface renders the air- 
film thinner. 

(3) Neither arrangement (1) nor (2) affords interference bands in white 
light, the two surfaces not being capable of adequately close approach to 
each other, white light bands being only produced when the paths are 
identical within half a dozen wave-lengths of light. But if one of the 
two essential surfaces be replaced by its image, acting equally well as a 
source, this image can be moved into absolute contact with the real 
surface, and even moved through it either way. The bands are then also 
seen, half a dozen or so on each side of the centre, in white light, through 
the telescope focussed on the real surface (the reference surface carrying 
the mark, a rectangular cro.ss-hatching like squared paper in Michelson’s 
apparatus), where the bands appear to be localised. As in (2) they are 
parallel to the edge of the wedge, the air-film being as in (2) minutely 
wedge-shaped, and all but the central band are spectrum coloured; but 
the central one is quite black. This black band corresponds to the line 
of exact equality of path of the two interfering rays. The colours of the 
other bands follow’the order of Newton’s rings seen by reflection ; if the 
plates be silvered the silver film mast be thin, otherwise the complementary 
colours are afforded in the flanking bands instead, and the central one is 
white instead of black. This principle (3) forms a specialty of Michelson s 
method. It is ilso employed by Fabry |nd Perot when extended to 
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^ include superposition of two ^talons interferentiels one of which is of half 
or double the length of the other, tiands in white light are indeed 
afforded in general when one path is a multiple or sub-multiple of the other, 
but the intensity falls off with the degree of multiplication or division ; it 
is quite good, however, for the simplest first case, halving or doubling, 
and usable up to the ninth or tenth. 

The two similar glass wedge-plates in methods (1) and (2) are best 
cut from the same Itt-rge plate of truly planely worked gfass 10 to 15 milli- 
metres thick, one surface of which m inclined a few minutes out of strict 
parallelism to the other ; it is then certain that the slight prismatic 
dispersion due to the wedge-shape (that of a prism of very small angle) 
can be exactly counteracted by arranging the two plates contrariwise to 
each other as regards the direction of the wedges. 

With respect to the rings and straight-line bands of methods (1) and 
(2) it should be lemembered that the concentric rings or straight parallel 
bands are closer together the shorter the wave-length of the mono- 
chromatic light employed, other conditions remaining the same. Also 
that the straight parallel bands of method (2) are also cfeser together the 
greater is the small angle of deviation from strict parallelism of the two 
essential reflecting surfaces ; when the surfaces are very nearly absolutely 
parallel the bands become so wide that two or three, or even one only, 
are in the field at a time, but when the tilt is more appreciable a con- 
siderable number of parallel bands close together are afforded. The 
conditions are most suitable when about a dozen bands are visible in the 
circular field of the telescope, as shown in Fig. 891 on page 1311. 

Michelson’s Interferometer and its Use in Comparative Measurement.— 
A form of interferometer of great interest on account of the valuable uses 
to which it has been put by its deviser, Prof. A. A. Michelson of Chicago,^ 
including the enumeration of the exact number of wave-lengths of the three 
cadmium radiations contained in the French standard metre at Sevres 
near Paris, may with propriety be briefly described here. For although it 
is not suitable for the specific crystallographic purposes immediately under 
discussion, yet for a necessary understanding of the subject of interfero- 
metry, and its considerable possibilities in further crystallographic work, 
it is desirable to include a brief account of the instrument, especially as it 
involves two additional principles to that, principle (2), of the author’s 
interferometer, namely, the use of parallel rectilinear interference fringes 
in white light produced by interfering rays of exactly equal path, prin- 
ciple (3), and circular fringes in monochromatic light when the difference 
of path is greater, principle (1). 

The essentials of the Michelson interferometer are shown in Fig. 906. The light 
from a vaevum tube a or other source passes through a spectroscope bed, in order that 
monochromatic light, corresponding to one line only of the spectrum of the incan- 
descent vapour in the vacuum tube, may be isolated and allowed to pass through the 
slit d to the interferometer. The latter consists primarily of two transparent glass 

‘ A very readable account of the instrument and the results achieved with it is 
afforded by Prof. Mi^helson’s book, Light Waves and their Uses, University of Chicago 
Press, 1903. 
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plates with truly plane and parallel surfaces c and e' inclined at 45® to the direction 
of the light rays, two mirrors / and gf»«,l8o truly plane, and quick and fine movementsi 
of great steadiness for one of the mirrors, /, parallel to itself and along the horizontal 
direction normal to its surface by the Sliding of its carrier over a very truly con- 
structed V-and-plane bed, and with micrometric record of the motion to 1/10,000 
miUj||aietre. The other mirror g is the “ surface of reference,” and is usually engraved 
with horizontal and vertical lines at equal intervals so as to form squares, as shown 
in Fig. 910. The monochromatic light from the slit d falls obliquely (at 46°) on the 
plate e, at the first isurf ace of which (this surface being usually very slightly silvered) 
it divides, part being re- 
flected through the second 
plate e' to the mirror /, 
and part passing through 
e direct to the reference 
mirror g ; the very light 
silvering of c more or less 
equalises the intensities of 
the reflected and trans- 
mitted portions of the light, 
a condition for thg produc- 
tion of sharp fringes. The 
first part is reflected at / 
and returns along the path — 
t'eh to the telescope h, and 
the second part is reflected ^ 
at g back to c, from which Lli 
it is reflected also into the 
telescope. If the paths of 
the two parts, which by 
the device of introducing 
the second plate e' have 
suffered the same number 
of reflections and refrac- 
tions under identical conditions (from the first surface of c to / and back, and 
from the same surface of e to gr and back respectively) are exactly equal, and 
ordinary white light be used instead of that from the spectroscope, parallel 
rectilinear interference bands are produced (the ordinary interference bands of 
thin films), and seen on looking through the telescope focussed on them (on the 
image of the reference surface in e). To produce these straight bands the two 
surfaces are not absolutely parallel, but very slightly indeed tilted with respect 
to each other, by the slightest touch (just adequate to produce the desirable width 
of band) of one of the adjusting screws. It is the virtual imago of the engraved 
reference surface g in the silvered surface of the plate e which constitutes the true 
plane of reference, and it is this plane which requires to be just out of exact parallelism 
to the actual mirror surface /, for the production of parallel straight-line interference 
bands. These rectilinear bands would then be produced in monochromatic light for 
considerable path differences, dependent on the homogeneity of the radiation used. 
No bands are seen, however, in white light unless the difference of p»th does not 
exceed a very few sv^ave-lengths, at most a dozen, of an average radiation. In 
focussing the image of in e the actual surface / is also focussed, and so the effect 
is that of focussing the^hcale of interference bands produced by interfering rays due 
to the actual surface / and the image of g, acting as sources. The band which is 
central when the paths are precisely equal-and adjustment of the movable mirror . 
can always bring them so— is black, and the others parallel fo it on each side are 
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spectrum coloured and diminish progressively in intensity until after the sixth or 
[ seventh they fade away, as illustrated in either the upper or lower part of Fig. 907, 
the appearance being practically the same as that afforded by the Babinet com. 
pensator as shown in Fig. 838 on page 1164; hence, it is very easy to adjust for 
equality of path by bringing the very readily recognisable black band to the centre 
of the field of view of the telescope and adjusting it to the cross spider-line^,, the 
vertical line being preferably double so that the black interference band can be adjusted 
between these two parallel spider-lines. It will be recognised that this is the method 
of principle (3). ^ «. 

When the surface of the mirror g is so adjusted, however, that its image in c is 
absolutely parallel to the surface of the movable mirror/, and the telescope is adjusted 
for parallel rays, spectroscopic monochromatic 
light being used, the interference fringes are 
no longer straight parallel lines but concentric 
circles like Newton’s rings. Moreover, unlike 
the bands in white light, these circular fringes 
are not localised bands and they continue to 
be visible for a difference of path which may 
amount to a vast number of waves, in the 
maximum as many as somewhat over 300,000 ; 
their visibility depends on the homogeneity or 
otherwise of the radiation employed, exactly as 
in the case of the rectilinear interference bands 
produced by the author’s interferometer. The range of visibility is only slightly 
more than 2 millimetres (a path of 4 mm., the journey being a return one) in the 
case of red hydrogen light, but is somewhat beyond a decimetre, that is, 20 centi- 
metres of path, in the case of the very homogeneous red light of cadmium vapour, 
corresponding to 310,632 waves. ^ This method will be recognised as that of 
principle (1). 

If while white light is employed and the paths of the two sets of rays from g and/ 
are equal, the black interference band being central and upright, an extremely thin 
film of mica, or better still the yet thinner film of glass obtained by blowing a bulb on 
glass tubing until it bursts, be held in the path of one of the two sets of rays, and so 
as only to screen one half of the field of view of the telescope, the bands in this part of 
the field will be displaced from the centre to one side, as shown in Fig. 907, which 
reproduces the effect in the portion of the field chiefly concerned, the upper half 
showing the bands in their original position and the lower half showing them when 
displaced ; and if the mica or glass film be of more than the extremest tenuity the 
bands will be taken right out of the field, the difference of path introduced by the 
film, dependent on its refractive index, being more than the dozen or so of wave- 
lengths, which correspond to the limit of visibility for fringes in white light. The 

number of waves introduced is 2(n - 1)^, where n is the refractive index of the film 

introduced, t its thickness, and \ the wave-length of the light. For instance, a plate 
of one millimetre thickness, of glass of refractive index 1*6, in light of wave-length 
0 0005 mm. (half a micron), will produce a difference in path of 2000 waves. 

In this essential form, but with the necessary detailed modifications and refine- 
ments, Micbslson used this interferometer for the evaluation of the French standard 

‘ The wave-length of red cadmium light is 0 0006438 or 1/1663 millimetre or 
1/39,459 inch. Michelson in the year 1892 found in the French metre 1,553,163‘5 
Waves of red cadmium light ; Benoit, Fabry, and Perot, eifiploying the method of 
Fabry and Perot, in a later determination, in the ^ear 1907, found the number to be 
1,663,164*13 waves. There are thus 1563 waves m a millimetre, 15,631 in a centi- 
metre, 165,316 in a dScimetre, and 310,632 in 2 decimetres. 



Fig. 907. — Michelson Interforouce Bands 
in White Light. 
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metre in cadmium wave-lengths, at the Bureau International des Poids et Mesures, 
S6vTe8, in the year 1892.^ The length «f a metre is obviously too great for the direct 
observation of interference bands afforded by two plates thus far separated, or to 
count the number of bands (twice tha'l of the wave-lengths) to which such a 
length corresponds. For it has to be remembered that the light waves traverse 
the {^tanee twice, on going and in returning, so that the total length of path 
would be two metres. The limit of path for band visibility has been shown 
to be somewhat over two decimetres, so that an intermediate standard of one 
decimetre (path 2 dnt) was first evaluated. The number of rc^ cadmium light waves 
in this decimetre standard was found eventually to be 165,316, and the interference 
fringes obtained between the surfaces at tliis distance wore wonderfully clear. It is 
not feasible, however, to count the largo number of 310,632 bands corresponding to this 
length, although the last fraction of a band can be checked by direct observation. So 
Michelson caused to be constructed eight other sub-intermediate standards, or ^talons 
as the French call them (a word which we have Anglicised), exactly like the decimetre 



Fio. 908 .— Michelson’s Decimetre Etalon. 

standard in construction, but each of which was half the length of the previous one 
in the whole series of nine ; they corresponded respectively to the numbers of fringes 
for red cadmium light 155,316, 77,668, 38,829. 19,414. 9707, 4863, 2426, and 1213, 
this last being an 6talon in which the two reflecting surfaces were less than half a 
milUmetre apart (0-3906 mm.). This number, 1213 circular fringes, can readily be 
counted, given the necessary patience. . „ , 

One of the ^talons, the decimetre, is shown in Fig. 908. It consists essentially of a 
rigid metal slider (over the V-and-plano bed) carrying two vertical glass plates 2 centi- 
metres square and nearly a centimetre thick, very truly plane-poUshed and silvered on 
the front surface ; one is fixed at the front end of the slider, and the other near the 
back end and at a height which brings its bottom edge on a level with the.top edge of 
the front plate. Both? plates are provided with fine adjustments to strict parallelism 
of the two silvered front surfaces. The normal distance between the planes of the two 
sHvered surfaces forms the intermediate standard length, one decimetre m the case of 

the 6talon shown in Fig. 908. 

1 Trav, Bur. Internal, des Poids et Mesures, 1895, 11, 3-85. 
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Now the feature of Michelsou*s interferometer has been shown to be the possibility 
of bringing the paths of the two sets of rayff (which it develops for the purpose of 
producing their interference and consequent exhibition of fringes) to exact equality, 
and therefore of producing the fringes not*only in monochromatic light but in white 
light. This is rendered possible by the fact that it is the image of one source of the 
rays (one of the mirror surfaces, g in Fig. 906) only, and not the mirror itself^p^which 
is brought to occupy the same position as the real surface (/ in Fig. 906) actiug as 
the other source. In cases where the two real surfaces themselves are used, as in 
the author’s interferopieter and the Fabry and Perot 6talons t(f be referred to in the 
next section, the two surfaces can never achieve to actual identity, although they may 
get within two or three semi wave-lengtfis of that position, when the cushion of air 
between the two surfaces is removed by sliding one over the other or by working 
in a vacuum. But it is readily possible with Michelson’s apparatus to bring 
two different surfaces, say the two silvered surfaces of one of his 6talons when 
arranged in position and capable of sliding on its V-and-plane bed, to absolute 
identity of position, by bringing each in turn to act as / in Fig. 906 and afford the 
bands in white light in conjunction with the surface g (used as a reference surface) 
acting as the other, constant, source. In actual practice Michelson found it con- 
venient to invert the process, and to adjust first the front silvered surface to yield 
the bands in white light in conjunction with the reference suij[ace g, and then to 
leave the 4talon fixed, but to move the reference mirror g instead backwards for 
a distance equal to the length of the 6talon until the bands are again produced 
in conjunction with the back silvered surface of the 6talon. As this movement 
of g to the left in Fig. 906 would make a large elbow extension of the apparatus 
necessary, another mirror is introduced at 46° between g and e in order that the recti- 
linear movement of g shall occur conveniently parallel to that of the 6talon, on a 
similar V-and-plane bed alongside the other. This will be clear from a view of the 
apparatus from above, which affords a kind of plan, given at a in Fig. 909. An end 
view, partly in section, is also given at 6 in Fig. 909. The arrangement at a in Fig. 
909 is exactly the same as in Fig. 906, except that there are now two V-and-plane beds 
for sliders, parallel to each other, and save also for the placing of g parallel to /and the 
introduction of the new mirror where g had been, but at 45° to the old position of gr, 
in order to direct the rays to and from g in its new position. Also the single mirror/ 
is now represented by the pair of etalons, one (the larger, arranged to the right) of 
which is fixed and the other is arranged to the left on the slider moved by the fine 
screw; there are only the two V-and-plane beds, one for the slider carrying the 6talon 
to be moved, and one for the slider of the reference plane g, both carried parallelwise 
alongside each other as part of the massive basal casting. Between these two beds 
there is just room for the fixed carrier of the standard bar, the movable 6talon being 
next, quite close, to the standard bar. The reference surface g is divided into small 
squares, as indicated at 6 in Fig. 909, and also in Fig. 910, by two sets of lines at 
right angles, for the more accurate determination of the positions of the fringes 
from the various etalon surfaces ; and the extent of its surface is adequate for its 
image to cover all four 6talon plates at once, each quadrant thus corresponding 
to the field of one 6talon plate, so that white light rectilinear, or circular monochro- 
matic, fringes in any quadrant will be known to be due to the interference of rays 
reflected by the reference surface and by the particular 6talon visible in that quadrant. 
This will be clear from the three cases illustrated in Fig. 910. 

The first and main operation was to determine the number of wave-lengths in the 
smallest (first) 6talon. This was done by placing this 6talon on the movable carrier 
on the left, and the second 4talon as a fixture to the right of it, and then producing 
the* rectilinear fringes in white light, by adjusting to absolute identity the paths 
from the. front surface of the first etalon and from the reference surface, by the 
adjustment of the central black band (6talon I. being slightly inchned to the reference 
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plane), as afforded by the etalon sur4>ce in the lower left quadrant, to the spider* 
lines of the telescope. Then the referdhce image and front suilace of 6talon II. were 
adjusted to strict parallelism, by adjustment of etalon 11. , the white light was switched 
off and the field illominated with red cadmium light, when the circular fringes were 
seen, as shown at a (laterally inverted, for the case when I. is on the right and 11. is 
on th#left, both arrangements bemg used in different determinations) in Fig. 910, 
being observed in the other right lower quadrant corresponding to etalon II. simul- 
taneously adjusted alongside etalon I. The reference surface was then moved back- 
wards with extreme llowness and steadiness, using the exceedingly fine screw move- 
ment on which immense care had been bestowed, and the rings were counted as they 



(a) 

i'lQ. 909 .— Michelson’s Apparatus foe Evaluation of the Metre in Cadniiuni Wave-lengths. 


passed outwards from (appearing one after another at) the reference centre. Or the 
bands may be counted as they disappear at the centre, the reference surface being 
moved forwards from the second position to the first. This counting continued until 
the reference surface had been moved exactly through the distance corresponding to 
the length of the first etalon, when the bands in white light (momentarily switched 
on) were again produced as the image of the reference surface became coincident with 
the second surface of the 4talon ; the counting of the cadmium bands continued untU 
the black band produceddn the upper left quadrant was absolutely centrally adjusted. 
The whole observation was then repeated for green cadmium light, and subsequently for 
the blue light of cadmium. The number of circular fringes which passed the reference 
centre proved to be 1212 37 for red, 1534-79 for gr^n, and 1626-18 for blue cadmium 
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light. The method thus consisted in using tl^ second 6talon merely to produce the 
circular fringes, while the first 6talon was us^d to produce the black band in white 
light and thereby to fix the coincidences of the reference surface with the two surfaces 
of this first 6talon, the same movement of the reference surface backwards serving 
both purposes, and the number of circular fringes thus corresponding exactly to the 
interval between the two productions of the black band in white light. 

After verification of these results by different observers and at different times by 
each, the next process was proceeded to, of comparing this 6talon I. with the succeeding 
one, II., of double th^. length. The two ^talons were placed ashsefore side by side as 
close as possible, the larger to the right, and so that the white-light fringes could be pro* 
duced by both the two front surfaces, in conjunction with the reference surface, and 
seen simultaneously in the field of view of the telescope, as shown at 6 in Fig. 910. 
The back surface of the evaluated smallest ^talon I. was next made to produce the 
coincidence white-light bands (left upper quadrant) with the reference surface, by move* 
ment backwards for the necessary distance of the reference plane, the 6talon remaining 
fixed ; then this 6talon itself was also moved backwards, until its front surface again 
gave the coincidence bands ; on then moving further backwards the reference surface 
until the back plate of the smallest etalon again gave the bands, those white-light bands 
were also simultaneously seen in the right upper quadrant as given by the back surface 
of the larger 6talon, as shown at c in Fig. 910 ; for the length o^'the latter was con- 



structed to be as exactly as possible double that of the smallest etalon, correct within 
the fraction of a band. Each time, of course, careful adjustment of the central black 
band had been made to the spider-lines. The last fraction of the double -4talon was 
carefully determined, first by observing any displacement of the black band from the 
centre, and then by comparing the bands from the two surfaces of the 6talon in mono- 
chromatic light (as seen in the upper and lower quadrants of the field, and in conjunc- 
tion with the same reference surface), for the three specific radiations of cadmium, thus 
determining the exact number and final fraction of wave-lengths of these three radia- 
tions in this etalon. The process was repeated for the second and third, and so on for 
every pair up to the 8th and 9th, until the total number of wave-lengths of red, green, 
and blue cadmium light had been determined for the decimetre intermediate standard, 
and the final fraction verified and corrected by the direct observation of the bands in 
monochromatic light for this maximum difference of path. 

The penultimate operation was then carried out, of comparing the decimetre inter- 
mediate standard with the metre. This was practically a repetition of the comparison 
of two consecutive 6talons, except that the stepping off had to be repeated ten times. 
The front silvered surface of the 6talon was adjusted to yield the coincidence fringes 
in white light with the reference surface, and the latter was then moved backwards 
until it gave the coincidence bands with the back surface of the Etalon, then the 4talon 
was moved back a decimetre, until its front surface again gave" the bands, when the 
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referenoe surface was moved back another decimetre so as to jdeld coincidence once 
more with the back 6talon surface, an({so on for ten decimetres, the whole metre. 

The ultimate operation was really part of the penultimate, and was performed 
simultaneously with the first and last adjustments of the reference surface, that is 
(1) with the adjustment to coincidence of its image with the first front surface of the 
decinmtre intermediate standard, when the latter was adjusted at its first position for 
the beginning of the metre, and (2) with its final adjustment to coincidence of its 
image with the back surface of the etalon, when the latter was adjusted to its last 
position for the completion of the metre. The metro bar was arranged on the common 
massive stand which carried the whole apparatus, between the V-and-pIane bed which 
carried the slider of the ^talons and the limilar bod of the reference-plane sliding 
carrier, as shown in Fig. 909. It boro the usual defining lines near each end. The 
decimetre 6talon also carried an arm, as shown passing backwards horizontally in 
Fig. 908, having at its end a button bearing a similar defining mark. The reading 
microscope provided for the observation of tliese defining marks was arranged to be 
able to focus either the mark on the bar or that on the etalon, which are arranged 
closely side by side when in position, as clearly shown at b in Fig. 909 ; and this 
being done for the first and last coincidence positions as just described, enabled the 
final operation of comparing the etalon result with the metre as defined by its marks 
to be achieved. ^ 

The final result of this beautiful work of Michelson was that the French 
standard metre was found to contain 1,553,163 5 waves of red cadmium 
light, 1,966,249 •? waves of green cadmium light, and 2,083,372*1 waves 
of the blue cadmium radiation. This result has since been confirmed by 
the use of the Fabry and Perot etalons to be described in a subsequent 
section, the actual number found being 1 ,553,164*13 waves of red cadmium 


light. 

The only weak point in this remarkable determination is in the final 
comparisons between the glass-plate etalons (either of Michelson or of 
Fabry and Perot) affording the interference fringes, and the standard 
metal bar itself, on which the defining lines were similar to those of the 
British platinum-iridium yard bar. Now the author has shown on 
page 1357 that the thickness of each of these scratches corresponds at 
least to the passage of 15 interference bands ; and as the centre of the 
scratch has in each case to be estimated, that is, in each of the two (initial 
and final) comparisons, not to speak of the intervention of the observation 
also of the mark on the etalon arm, it will be apparent that the accuracy 
of the final result is not comparable with that of the purely interferential 
comparisons of the etalons with one another, in which every final fraction 
of aLnd could be revised and corrected by direct observation if, as usually 
happened a minute correction were required. The author has suggested 
the removal of this final defect by the use of the fine rulings of the late 
Prof Grayson, 1/40, 000th of an inch apart, using five such consecutive 
ruUngs as the “ location signal,” of which the third, central, line of the five 
should be the defining line. Such a signal has already been refwred to on 
page 1358 and illustrated in Fig. 905, the five lines being seen in the centre, 
paW to the long edges of the page. Each interval between two con- 
secutive lines corresifonds to the passage of two interference bands of red 
cadmium light only, and the lines are so beautifully fine and clear that 
a very small fraction of the distance between two consecutive lines can 
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be apcurately measured by the microscope micrometer. Such a defining 
mark,^ if the suggestion were adopted, would have the same order of 
fineness and accuracy as the interference bands themselves, and, the 
author has used such defining marks in many operations with the 
Standard Comparator described in the last section. 

It should be mentioned, in concluding this reference to metrology, Ct^hich 
has been necessary to elucidate the various methods of interferometry, that 
in the very latest work at the Bureau at Sevres, cs-rried out by Dr. 
Guillaume, * the successor of M. Benoit, the low-temperature vacuum 
discharge through neon has replaced the hot cadmium vapour discharge 



Fid, 911. — The Hilger Form of Michelson Interferometer. 

as source of light, the yellow line of neon proving to be as strictly homo- 
geneous and non-resol vable as the red line of cadmium. 

An excellent form of the Michelson interferometer for experimental 
study of the phenomena of interference fringes; as well as for use in actual 
investigation, is supplied by Messrs. Hilger. In its latest form it is 
shown in Fig. 911. 

The plates and mirrors are mounted in a finely adjustable manner on a massive 
stage, whicli in plan is very similar to Fig. 906, but with the elbow-piece to the right 
instead of to the left. A sliding movement is provided for the Snovable mirror which 
affords a travel of 20 centimetres, in a manner which secures great steadiness. The 
, slides are of specially forged steel, and the sliding surfaces tfre worked optically flat, 

‘ Phil. Trans., A, 1909, 210, 30. 

* M^m, Bur. Int. des Poids et Mesures, 1917, 2d (116 pages). 
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so as to secure the desired accuracy in maintaining the parallelism of the movable 
mirror to itself in its progress from one ^d of the slide to the other. The slow motion 
mechanism is carefully covered in to avoid dust, and the screw of one millimetre pitch 
has not only a head divided directly into 100 divisions,* but is manipulated by a slow- 
motion screw, the head of which is also divided into 100 parts, so that the 1/10, 000th 
of a m^limetre of motion can be read off. The carriage can be lifted off its V-and-plane 
bed, and automatically arranges itself in position for the action of the screw on 
replacement. The end of the main screw towards the observer is polished flat, and 
thrusts against a thick plate of polished quartz arranged i)erpendicularly to the axis 
of rotation of the screw, the other end of the screw thrusting against a fixed but 
adjustable screw. By directing light in the direction of the axis of the screw, through 
the quartz block, interference fringes can be seen as produced between the metallic 
and quartz surfaces, and both the closeness and the perpendicularity of the quartz 
to the screw axis adjusted thereby, with the aid of a system of opposing screws. 

This refined instrument has proved exceedingly useful, and its usefulness has been 
lately enhanced by arranging that the Michelson plates and mirrors can be inter- 
changed, if it be so desired, for the etalons of Fabry and Perot, for which the necessary 
fittings are provided. 


The ^Italon oJJ’abry and Perot.--The form of interferential etalon intro- 
duced by MM. Fabry and Perot conforms to principle (1) of page 1364, and 
consists* in its simplest form of a single thick plate of glass, with truly 
plane and parallel surfaces, from which the monochromatic light employed 
is reflected, or through which itis transmitted (internal reflections occurring), 
and caused to produce by interference the circular fringes, best seen through 
a telescope adjusted for parallel rays, although they can be seen quite 
well by the naked eye. For when a beam of monochromatic light (say 
from a large sodium flame or a Cooper-Hewitt mercury lamp) is passed 
through two parallel surfaces of glass at normal incidence a series of 
alternately bright and dark concentric rings are seen on looking through 
the surfaces at the light. The appearance of the rings in mercury light 
is shown at U in Fig. 913. When the surfaces are those of a single plate, 
as in this case, the plate is used as an etalon of definite and fixed length 
of path, the temperature remaining constant. But the form of 6talon 
which is most useful and is usually employed consists of two thick glass 
plates having truly plane-polished surfaces, one surface of each being 
lightly severed, and these two silvered surfaces being those from which 
the reflection is to be used so as to produce interference rings. The 
two surfaces of either one and the same plate are not truly parallel, 
but inclined to each other at a few minutes angle, which is the same 
for each plate, in order that the secondary interference systems, caused 
by the interference of the reflections from the unsilvered surfaces with 
either of the essential reflections or with each other, may be eliminated. 
The plates are really cut from the same slightly wedge-shaped large p ate, 
and L usually cut with circular peripheries rather than square. When 
the two plates are-mounted the wedges are reversed to each other so 
that the total deviation is zero. That surface of each plate which s 
to be the inner one '(facing the silvered surface of f J? 

sUvered by cathodic deposition from freshly electrolytically dep^ited 
silver, this^ mode.of deposition furnishing films which eause a minimum 
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loss of light. The plates may either be separately mounted, most con- 
veniently on the apparatus of Messrs. Hilger described in the last 
section and shown in Fig. 911, instead of the Michelson plates and 
mirrors ; or they may be supported, with the silvered surfaces nearest 
each other and parallel to one another, in a common mount, as shown 
in Fig. 912, separated at the required distance by a “ distance-^ece ’’ 
consisting of a hollow cylinder of silica (fused quartz) placed between 
the plates. The coefficient of fused silica being lessithan that of any 
other known material except invar, namely, only 0 •000,000,69 per 1° C., 
about 1/1 7th that of platinum, any effects due to change of temperature 



are negligible for all 
but the most refined 
research work. The 
plates are pressed 
against the rounded 
distance pieces with 
the aid of springs which 
allow a variable pres- 
sure to be applied, 
which enables the 
actual parallelism of 
the two important 
surfaces to be abso- 
lutely adjusted. 

The principle of the 
method is that slightly 
convergent light falls on 
the two lightly silvered 


b'lQ. 912.— A Fabry and Ferot ^taion. surfaces, with air be- 

tween them, in such a 

manner that every incident ray gives rise by the repeated internal 
reflections to numerous other rays of diminishing intensity. These 
rays are brought to interfere in the focal plane of a lens ; at all points 
lying in a circle the same intensity prevails, so that we get a system of 
concentric bright and dark rings formed, which are observed in the focal 
plane. The difference of phase of two successive beams, or the order of 


interference, w, is where d is the distance between the half-silvered 

'' A 

surfaces, that is, the length of the etalon. (This corresponds to d = w 

2 


the conditions in the author’s interferometer. A typical field of the 
rings is reproduced at a in Fig. 913. 

The separate mode of mounting is, of course, to be used when it is 
desirable to work at different thicknesses (lengths, of path). But the 
second mode of fixed mounting in one mount has the advantage that it 
enables the Etalon to be used on the spectroscope, placed betwieen the 
objiective of the collimator and the prism, as shown in Fig. 912a ; a small 
adjustable table ^nd the necessary space are provided on the most recent 
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form of wave-length spectrometer supplied by Messrs. Hilger and illus- 
trated in the figure. The interference ring system corresponding to all 
the brightest lines of the spectrum of an incandescent vapour (in a 
Geissler tube for instance), say the three principal lines of cadmium or 
hydrogen, or the green and yellow mercury lines, may then be studied 
simultaneously. For the lines of the spectrum are visible in the^'Same 

positions, but not quite so bright 
as if the etal^jn were not there ; 
each line, however, is now a strip 
(its apparent dimensions depend- 
ing on the width of the slit and 
the eyepiece magnification), cut 
out of the interference ring sys- 
tem which would be produced 
by the etalon if the field were 
filled with light of the wave- 
length in question only ; and the 
diameter of thft ring system for 
each line can be measured by 
FIG. 913.— Fabry and Perot Rings in Mercury Light, the micrometer eyepiece of the 

telescope. The appearance of 
the green and yellow mercury lines under these circumstances is shown 
at h in Fig. 913. That on the right is the green line 6461, and that 
on the left is the pair of yellow lines 5791 and 6770, which overlap 
owing to the slit being wide. As supplied by Hilger, the thickness 
of each 6talon so mounted is engraved on the mount, correct to 0*006 
millimetre ; 7 mm. is a favourable distance d between the silvered 
surfaces, for use with green mercury light 5461 A.U. The ring system 
afforded by this light under these conditions is that which is repro- 
duced at a in Fig. 913. The different rings are successive spectra of the 
same line. 

In the case of the separately mounted etalons supplied with the Hilger 
form of Michelson interferometer, the plate nearest the observer is fixed, 
but in a very finely and accurately adjustable manner, and the second 
plate, behind it, is carried on the slow movement platform, so that its 
position can be varied from all but contact with the first plate to any 
amount of distance of separation up to the limit (20 centimetres) of the 
sliding movement by the fine-motion screw. With the aid of these 
two forms of the 6taIon, and a small observation telescope with cross web 
for viewing the fringes also supplied by Messrs. Hilger, practically all 
the experiments and determinations described by MM. Fabry and Perot ^ 
in their various memoirs can be carried out. 

A convenient arrangement is to reflect the light from a mercury 
lamp, by a mirror on adjustable stand, normally towards and along the 
axis of the etalon from behind, the beam passing on its way through a 
finely ground glass plate diffuser. To view the cifoular bands by trans- 

* Ann. de Chim. ei de Phys., 1902 (7), 25, 98, and 1904 (8), i, 6 ; Cmptes rend., 
1904, 13S, 676 and 854 ; 1905, J40, 848 and 1136 ; 1907, 144, 1082. 
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mitted light the eye or telescopy adjusted for parallel rays is placed ii 
front of and directed normally* at the etalon. To view by reflected 
light a clear glass plate arrange^ at 45° is interposed in the beam 
between the diffuser and the etalon, and the eye or telescope directed 
towards it from the side, so as to see the bands reflected in it. 

Tile re-determination of red cadmium light wave-lengths in the French 
metre at the Bureau International des Poids et Mesiires at Sevres in the 
year 1906, by MUi Benoit (Directeur du Bureau), F^bry, et Perot, ^ was 
carried out with the aid of five Fabry and Perot Halons interferentiels 
(principle (l)of page 1364), of the lengtiis of 1 metre, 50 cm., 25 cm , 12 •5cra., 
and 6-25 cm., each one half of the length of the preceding one. They 
are shown, marked Eg, E 4 , E 3 , E 2 , Ej respectively in Fig. 913a, which 



Fm 913 a.— Genera! View of the Fabry and Perot Apparatus for Kvaiuating the Metre 
in Wave-lenKtha. 


affords a general view of the whole apparatus, the etalons being arranged 
in succession in the same straight line. Each consists of a parallel pair 
of thick glass plates, truly plane, of square shape, and having the inner 
faces facing each other slightly silvered, and kept rigidly at the desired 
distances by two invar (nickel steel) side-bar distance pieces, the invar 

having practically no thermal expansion. 

The number of wave-lengths of red cadmium light contained in the 
length of the first etalon E^ of 6*25 cm. was first determined, with the 
aid of two lams Halons, Lj, Lg (principle (2) of page 1365). This 6 talon 
Fii gave excellent cfrcular fringes in red cadmium light, and the order of 
interference at the centre for the extreme length of the etalon was deter- 
mined by a combination of the method of coincidences of the fringes for 
the three lines red, green, and blue of cadmium, and of the method of 
1 Trat du Bureau InterruU. des Poids^et Mesures, 1913, 15, M34. 
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superposition of bands in white light, which latter method enabled the 
former to be utilised by dividing the length by five, the order of bands in 
this smaller length of 12*6 mm. being readily determined by coincidences, 
with the aid of one of the two lames etalons of known order of interference, 
whereas the whole length 6*25 cm. is too great. 

The 6*26 ^talon was then used to determine by the method of 
superposition the double number of wave-lengths in the second 6 talon Eg. 
The principle of this method is, that when a beam of white light traverses 
successively two plates of air with silvered faces (that is, the two plane 
parallel air intervals between the iAer silvered surfaces of the glass plates 
of two ^talons) a system of interference bands is obtained, visible either 
to the naked eye or, better, in a telescope adjusted for parallel rays, 
whenever the paths are either exactly equal in the two etalons, or when 
the path in one case is exactly a sub-multiple or a multiple of the 
path in the other case. Hence, these bands are produced between any 
one 6 talon and its double, used in succession in the same straight line as 
shown in Fig. 913a, the white light from a clouded electric lamp or diffused 
by ground glass being transmitted through both, one affer the other, and 
in fact the second 4talon can be adjusted to be exactly double by this 
means, or so nearly so that any slight difference can be determined by 
the circular fringes in monochromatic light. The bands of superposition in 
white light are easily produced by placing in succession a fixed etalon and 
an 6 talon arranged as an interferometer with one of its plates movable by 
the fine screw motion, so that the length of this etalon can be made exactly 
the same or a multiple or sub-multiple of the length of the fixed one, the 
production of the white-light bands being the indication afforded when 
success has been achieved. It is the principle (3) of page 1366, extended 
to multiples and sub-multiples of the exact length for equality of path. 
The centre of the system of rectilinear bands in white light, as thus seen 
by transmission, is a white band, when the plates are silvered, corresponding 
to the exact doubling or halving of the path, and it is flanked on either 
hand by a black band, so that two black bands in the centre of the field 
are the objects aimed at, and they are succeeded at similar regular intervals 
on each side by spectrum-coloured bands, gradually becoming feebler, the 
whole system of upright parallel bands filling the field. The bands become 
less and less clear with greater multiplication or subdivision, but are 
practically as good for a double or half-length as for exact equality of 
path. After evaluating the Etalon E 2 by this means, this Etalon can be 
used similarly to evaluate E 3 , and this again to evaluate E 4 , and finally 
the latter to determine the order of interference corresponding to E 5 , the 
metre. The final fractions in each case are determined with accuracy by 
the use of the circular bands in red or green cadmium light. 

The metre Etalon was arranged to be 0-8 mm. less than the standard 
metre bar, and a fine fiducial mark was engraved oh the top edge-strip ^ 
of each of the end glass plates, at exactly 0*4 mm. from the edge of the 
silvered surface, so that the distance between these marks was the true 
metre. The difference of 0-8 mm. between the optical 6 talon and the 
marked metre was determined in bands of red cadmium light by an 
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elaborate method, in which the plates were first used as small 6talons of 
1 cm. and 2 cm. length between th?fe fiducial lines, and by then determining 
the relations of the optical 6talons cpnstituted by the silvered surfaces in 
the two cases, the method of least squares being utilised to arrive at the 
best result from the equations of conation obtained by combination from 
both series of measurements. Both this determination, however, and the 
final comparison of the marked-metre 6talon with the standard metre 
bar, are subject to the same defect as affects the final comparison in the 
case of Michelson’s determination, nmely, the comparative thickness of 
the fiducial marks, something like 1* interference bands being included 
in the thickness of the line. 

The final results for the two methods, however, were most remarkably 
and satisfactorily concordant, considering this difficulty, the number of 
waves of red cadmium light contained in the standard metre being found 
by Michelson to be I, .553,163 *5, and by Benoit, Fabry, and Perot 
1,553,164 *13. The round number 1,553,164 can thus be taken with very 
considerable confidence as correct. 

The descri[)ti4Wi of these remarkable researches of 1892-93 and 1906-7 
at Sfevres have afforded a better means of making clear the principles 
underlying interferometry than could have been possible in any other 
way, and in the next, final, section of this chapter it will be shown how 
these principles are directly illustrated by the cleavage plates of mica 
crystals, and how the phenomena are affected by the crystallographic 
property of double refraction. 

Natural Interference Rings in Mica— Haidinger first pointed out that 
interference rings such as are observed, in accordance with principle (1), 
page 1364, between plane parallel surfaces under diffuse monochromatic 
light are afforded by mica, whieh by its very highly perfect cleavage 
affords thin plates with absolutely parallel faces. Lord Rayleigh in 
1906 {Phil. Mag., Ifi, 489) also described the nature of the iris- 
coloured rings afforded in white light. As described in Chapter XXIX. 
mica is a doubly refractive substance (see page 623), the crystal system 
being really monoclinic, although the symmetry simulates that of the 
hexagonal system very closely, the crystals being almost truly hexagonal 
plates. But it resembles that of the rhombic system also so very nearly 
that the angle ^ between the inclined axis and the vertical axis is 90° 0' 
within the very few minutes of possible error in measurement, the edge 
faces being usually imperfect. Moreover, the acute bisectrix of the optic 
axial angle lies within two degrees of the normal to the hexagonal plate, 
that is, within 2° of the vertical crystal axis. The crystal is very clearly 
biaxial, however, the optic axial angle being quite considerable, var3dng 
in different specimens of muscovite mica from 60 to 76°, as seen in air (2E). 
This will be clear from the photographs of the interference ffigure in 
convergent polarise'd light reproduced in Figs. 676 and 677 (Plate IV. 
opposite page 920). 

In virtue of these facts, and particularly that mica is doubly refractive, 
there are. two systems of Haidinger interference rings super^sed on 
one another, each being due to one of the two beams pblarised in planes 
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at rights angles to each other. There are consequently regions of maxima 
c and minima of visibility, the latter taking the form of hyperbola in the 
case of muscovite mica. These linea of minimum visibility are, in fact, 
practically the same as the isochromatic interference curves observed 
with a plate of twice the thickness in convergent polarised light. That 
this is so will be obvious from the reproduction of a photograph fiven 
in Fig. 914 from a memoir by T. K. Chinmayanandam,^ who has recently 
made a more detailpd study of the phenomena. »* 



Fio. 914. — Interference FrlnRos of Mica. 


The muscovite plate employed exhibited an apparent angle 2E of the 
optic axes in air of about 70°. Lord Rayleigh used a sodium flame, but 
this photograph was taken with the aid of a mercury lamp, provided 
with a suitable filter to confine the light to that corresponding to one of 
the mercury spectrum lines only. The plate was 0*144 mm. thick, and 
Lord Ra^jleigh used one of 0*213 mm. thickness. In order to see the 
rings the mica plate is simply held close to the eye, which is then directed 
to the mercury lamp, a ground glass plate and a green ray filter being 
interposed between the mica plate, and the lamp iri order to diffuse and 
mohochromatise the light, when the rings and the minima curves are 
1 Proc. Roy. 3oc„ A, 1919, 96, 176 
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clearly seen. In order to take photograph of them a short focus lens 
was used, and the camera brou^t up so that the lens was close to the ^ 
mica plate instead of the eye. Bpt such photographs by transmitted 
light are not nearly as good as those by reflected light, one of which is 
that reproduced in Fig. 914.* To obtain it a white sheet of cardboard 
with*a small hole in the centre was held vertically in a stand, and the 
mica plate fixed immediately in front of it, parallel to the cardboard. 
The side of the latter facing the mica was then illuminjited by the mercury 
lamp, and the rings produced by the reflected light were viewed or photo- 
graphed from the other side through the hole in the cardboard and against 
a dark background. The back of the card and the circular edge of the 
hole are best blackened. For the photography the green filter used for 
eye vision is discarded and a cell of solution of quinine sulphate used 
instead, to cut off the ultra-violet rays and the two extreme violet mercury 
lines of 0*0004047 and 0*0004078 mm. wave-length, while leaving the 
bright bluish violet mercury line of 0*0004358 mm. wave-length un- 
impaired. The photographic action of this violet radiation is so strong 
that the gree% and yellow mercury line radiations of wave-lengths 
0*0006461 and 0*0005769-0*0005790 mm. (yellow doublet) are practically 
without actinic influence during the time of exposure needed for violet 
light. An exposure of 10-15 minutes with a process plate gave the figure 
reproduced. 

The rings are approximately two sets of ellipses corresponding to the 
equations 

= constant, and -f- 6 V = constant, 

where a, 6, and c are the principal velocities of light vibration in the 
crystal. The major axes of one set are in the same direction as the 
minor axes of the other. 

These beautiful phenomena afforded by mica plates are thus proved 
to be exactly in accordance with principle (1) (page 1364) of interferometry, 
modified by the presence of double refraction in the film medium, which 
is composed of the crystal, instead of glass or air. 



CHAPTER LIX 

THE ELECTRICAL AND MAGNETIC PROPERTIES OP CRYSTALS 

Electrical Conductivity of Crystals. — The electrical properties of conducting 
crystals (as distinguished from insulating crystals, dielectrics), such as 
those of metals, are analogous to their thermal properties as discussed 
in Chapter LVL As regards electrical conductivity, cubic crystals are 
electrically isotropic, their electrical conductivity being die same in all 
directions. Optically uniaxial crystals, those of the trigonal, tetragonal, 
and hexagonal systems, possess a single axis of maximum or minimum 
electrical conductivity, and in all directions perpendicular thereto the 
conductivity is the converse, minimum or maximum. Hence, the 
electrical conductivity may be represented by an ellipsoid of revolution. , 
In the case of optically biaxial crystals, those belonging to the rhombic, 
monoclinic or triclinic systems, the electrical conductivity is represented 
by an ellipsoid of general form, with three unequal rectangular ax*. 
The electrical conductivity is thus different along any three perpendicular 
directions, and is a maximum along one of the rectangular principal 
axes of the ellipsoid, a minimum along another of the axes, and of an 
intermediate value along the third axis. 

Matteucci ^ proved the rule experimentally as regards uniaxial crystals 
in the case of the trigonal (calcite class 21) crystals of bismuth, and 
Backstrom^ confirmed this result for the case of haematite (specular 
iron ore) Fe 203 crystals, which also belong to class 21. In bismuth the 
ratio of the electrical conductivity along the direction of the axis to that 
of the directions perpendicular thereto was found to be 1 *6 : 1 ; in 
haematite it proved to be 1 : 1 *96 at the ordinary temperature, but the 
value is very sensitive to change of temperature, the ratio becoming 
smaller as the temperature is raised. Backstrom also confirmed the 
rule for cubic substances by an investigation with magnetite, Fe 804 , 
which crystallises in the highest system and class of symmetry, the 
holohedral cubic class 32. 

Grood materials for determining the inner electrical conductivity in 
crystallised substances are difficult to find, but Backstrom was fortunate in 
having at his disposal some exceptionally large plates ^of hsematite parallel 
to the basal plane {111}, exhibiting- excellent well-formed plane faces of 

» Ann, Chim. Phye., 1866 [3], 43, 467 ; Comptes rendus, 1866, 42, 1133. 

* Offers. K. Vetmak.-Akad, Fdrh., 1888, No. 8, 633. 
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that form, bounded by smaller faces at the sides. Bars were cut from 
these crystals in three directions, parallel to the vertical principal axi8,j 
parallel to a lateral Bravais-Miller^axis, and parallel to an intermediate 
lateral aids in the same equatorial plane. They were three centimetres 
long and of 2 -5 mm. section. The end faces pf the bars were first covered 
witl? copper by dipping them in a solution of copper cyanide dissolved 
in potassium cyanide, and then amalgamated in order to obtain trust- 
worthy contacts. • The bar was then clamped betweeq two vertical copper 
springs, amalgamated on their inner side, fitted through the stopper of 
the heating apparatus. For temperatures under 100° C. a tin-plate 
vessel with double walls was used, the space between the walls being filled 
with water. For higher temperatures an iron vessel was used of similar 
design, the jacket being filled with mercury. The resistance was measured 
by means of a Wheatstone bridge provided with a variable resistance 
up to 100 ohms. As specular iron ore is strongly thermo-electrical, a 
Peltier effect is observed when the current is prolonged, giving a strong 
reverse current. The Peltier effect is just the converse of the thermo- 
electric effect, 4 nd occurs when an electric current from a battery is 
sent through the couple, thereby causing heating or cooling according to 
the direction in which the current passes. Hence, only feeble and inter- 
mittent currents were employed, which also enabled any perceptible 
heating effect by the current to be avoided. 

The results showed clearly that the resistance to the passage of the 
current is equal in all directions in the principal symmetry plane, and that 
the resistance along the axis is almost twice as great as in that equatorial 
plane. The actual results, uniformly reduced as for a bar one centimetre 
long and one square millimetre in section, are as under for the three 
temperatures of the experiments. 



Resistance in Ohms. 


Temperature. 

Parallel to Axis. 

Perpendicular to Axis. 

Ratio. 

0 " 

80-8 

40-8 

1 - 98:1 

17 ^ 

68-7 

3 . 5-1 

1-90 ;1 

100 ° 

331 

18-3 

1 - 81: 1 


The ratio thus diminished with increasing temperature, just as for 
all metals except bismuth. The results also show that haematite is quite 
a good electrical conductor. 

In the case of magnetite, FcsOi, Backstrom used a large crystal from 
which he prepared two bars, one parallel to the cube edges, and the other 
to a diagonal of the cube. They were 7-5 mm. long and (>t 5 mm. in 
section. The resistance diminished slowly with rising temperature, and 
at 40° was reduced by half an ohm. The results completely confirmed 
the conclusion alrea'dy made in earlier experiments by S. P. Thompson 
that the Resistance is equal in all directions and diminishes with nsing 
temperature. • 
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Thermo-electricity. — As regards tlvermo-electrical effect in such 
f metallic or other well-conducting crystals, it is in general also a function 
of the direction, so that two plates 9 r rods cut from the same crystal, 
which is not of cubic symmetry, in different directions behave as if they 
were composed of two different substances, yielding, on heating the parts 
in contact, a current across the junction just like two different m^als. 
No such current, however, is afforded by two differently orientated pieces 
of a cubic crystal, popper for instance. This was deftnitely proved by 
Backstrom ^ for plates and bars parallel to the cube and octahedron faces 
of cobaltite, CoAsS. If one warms a piece of a cubic crystal in contact 
with a similar piece of a crystal of one of the optically and thermally 
uniaxial systems, a thermo-electric current is obtained, and is of different 
strength according as to whether the direction in which the piece of the 
uniaxial crystal is cut is parallel to or perpendicular to the singular axis. 
In the case of a conducting crystal of the optically or thermally biaxial 
type, if two differently orientated faces of such a crystal are touched 
successively by a piece of a metal intermediate in the thermo-electric 
series between the values corresponding to the two fac^s, the contact 
with one face will on warming give a current in one direction (say positive), 
and that with the other face will afford a current in the opposite (negative) 
direction. 

These facts have been experimentally elucidated by Svanberg,® Franz, ^ 
Backstrom,^ Perrot,^ and Marbach.*^ Svanberg showed that in the case 
of the trigonal crystals of bismuth and antimony, both of which cleave 
very readily parallel to the basal plane c{lll}, bars parallel to the 
cleavage direction and perpendicular to the trigonal and optic axis 
behaved thermo-electrically more positively, and bars parallel to the 
axis more negatively, than any other bars of these metals. Also the 
thermo-electric current afforded by the two kinds of bismuth bars, 
or by the two differently cut antimony bars, was of considerable 
strength. 

Backstrom studied the thermo-electricity of haematite with the same 
magnificent specimens as were used for the electrical conductivity. Two 
boxes constructed of copper foil were attached to two wooden discs, the 
upper of which was movable by means of a screw, and the crystal bar 
was laid between the boxes, good contact being attained by means of 
the screw. Through the upper box steam at 100° was blown, and through 
the lower box ordinary cold water was led, in which a thermometer was 
immersed. To each box a copper wire was soldered, and connected to 
a Lippmann capillary electrometer as soon as the boxes had attained a 
constant temperature, the thermo-electric power being directly measured 
in volts. The following results were obtained for the passage of the 
current injthe directions stated : 


^ ^vers. K. Vetensk.- Akad, Fork, 1888, No. 8. 663. 

* (fomptes rend,, 1860, 31, ^0 ; Pogg. Ann., 1863, 3, 163. 
» Pogg. Ann., 1861, 83, 374, and 1862, 86, 388. 

* Arch. Sci. phya. el nat. Oenive, 1898, 6, 106 and 220. 

» Compt. rend., 1867, id, 705. ® 
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From the basal plane, perp. to tb« axis, to the copper 
Prom any face parallel to the axis, to the copper 
From any face of the prism zone, to*the basal plane . 
From any intermediate face, to the copper 
Calculated value for last case, from equation to ellipse 


Volt per r 0. 
. 0-0002879 
. 0-0003138 
. 0-0000269 
. 0-0002923 
. 0-0002928 


Hence, it will be clear that the thermo-electric power in different 
directions of cr}«tal8 possessing a single principal axis, such as the 
trigonal crystals of hamatite, is expressed by the radii vectores of a 
rotation ellipsoid. 

Perrot’s researches are also of special interest, as he had at his disposal 
some large and very homogeneous prisms of bismuth, which is the metal 
most easily obtained in good and sufficiently large crystals. It will be 
remembered that the crystals of bismuth are trigonal, with basal plane 
cleavage {111} or {0001}. But the metal has a very low point of fusion, 
so that it has only been possible to study its thermo-electrical properties 
up to 100° C. 

Rectangula* parallelepipedal blocks were prepared out of four large 
crystals, having faces parallel and perpendicular respectively to the axis. 
The largest was 30 by 18 by 18 mm. in size. The method of carrying 
out the experiments with them was as follows. The bismuth block was 
placed with its lower face resting on a thick plate of copper, c in Fig. 916, 
which had two prolongations bent over like a horse-shoe, and plunged 
vertically into a large vessel full of cold water. On the upper face of the 
bismuth block rested the copper bottom of a little metallic box h traversed 
by a current of hot water. The junctions were thus simple contacts of 
bismuth and copper maintained at two different temperatures. Good 
contact was achieved by means of a press formed by a vertically arranged 
bronze horse -shoe, of which the two branches (ends upwards) were 
spanned by a steel cap, through which the pressure screw was tapped. 
Two blocks of lead were arranged to slide in grooves within the horse- 
shoe, tjhe lower one filling up the bottom of the shoe and the upper one a 
moving up and down with the screw, being loosely attached to a steel 
plate forming the lower end of the screw. Below the upper leaden block 
a movable one of ebonite was placed, which was hollowed out below to 
a shape fitting the top ot the copper box b. The latter carried two tubes 
for the delivery and exit of the hot water. The plate of copper c was 
also fitted in a block of ebonite in order to insulate it from the lower 
leaden block. All these parts were capable of a certain amount of play, 
and could be loosened or tightened together by means of the screw, in 
order to render the bismuth-copper contact a more or less perfect one, 
appreciable compression being as far as possible avoided, the screw only 
being worked by means of its handle until resistance began to bj met with. 
Two wires were soldered at the planes of junction, and two others led into 
two little water reservoirs provided with thermometers, so that the 
temperature of the water could be varied and recorded until the galvano- 
meter was again brought to its zero ; the two temperatures t and t at 
the planes of contact, and the thermo-electric current generated, could 
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thus be measured, the former by the w^ter reservoir thermometers, and 
^-he latter by means of the galvanometer, potentiometer, and a Gouy 
6talon of 1 -386 volts at 18®. 

The results of the determinations of the electromotive force for 
temperatures between 10° and 100° C. were as under : 

The electromotive force per degree of difference of temperature ofthe 
two bismuth-copper contacts, that is, the thermo-electric power, was 



Fig. 915.~Perrot’8 Apparatus for the Determination of Thermo-electric Power of Bismuth in 
Contact with Copper. 

found to increase with the temperature between 10° and 100°, and the 
increase was more rapid for junctions with surfaces perpendicular to the 
cleavage planes of the bismuth crystals (parallel to the axis therefore) 
than for junctions parallel to the cleavage (and perpendicular to the 
aids). Hence the ratio of the electromotive force parallel to the axis, 
to that perpendicular to the axis, becomes less as t + i' increases. At 
20° the ratio varied from 2*33 to 2*61, at 40° from ^*16 to 2*49, and at 
100° from 1*86 to 2*10, for the four different bismuth blocks employed. 
The absolute electtomotive force also varied for the different crystals, 
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for junctions parallel to the cleavage from 0*00831 to 0*01057 volt, and 
for junctions perpendicular to the cleavage from 0*00451 to 0*00525 volt< 
The differences appear to have been due to slight lack of homogeneity in 
the large crystals employed. 

Marbach observed a very remarkable fact with respect to iron pyrites, 
Fe3i, which crystallises in the cubic class 30 (see page 164). Tt is often 
found in actual experiments that the rules already stated are apparently 
materially departed from, owing to the altogether unexpectedly large 
disturbing effect of minute quantities of foreign enclosures, which are so com- 
mon in mineral crystals, and which often generate a current in the opposite 
direction to that produced by the pure substance of the crystal. Even 
more pronounced, however, are the apparent deviations when a mineral 
exists in two forms like quartz, currents of opposite characters and of equal 
strengths being generated by the two varieties. Now the very abundant 
mineral p)nrite8 commonly displays the positive pentagonal dodecahedron 
{210} (this pentagonal dodecahedron being indeed often termed in 
consequence the pyritohedron), the negative form {120} being much more 
rarely develoij^d by the mineral. These two different complementary 
pyritohedra develop respectively positive and negative thermo-electrical 
properties, the current flowing from the copper contact (the copper wire 
in contact with the crystal) to the crystal in the former case, and from 
the crystal to the copper in the other, as already described on page 164. 
Cobaltite, CoAsS, which much resembles pyrites and belongs also to class 
30 (a crystal having been completely worked through in Chapter XL), 
behaves similarly. Marbach found, indeed, tliat a pyrites crystal of the 
fijrst kind (showing {210}) in combination with one of the second kind 
(showing {120}) actually produced a stronger thermo-electric current 
than that afforded by antimony and bismuth, the two extreme members 
of the thermo-electric series of metals. For it will be remembered that 
when the metallic elements are arranged in order according to their thermo- 
electric constants, antimony occupies one end and bismuth the other end 
of the list, and that the thermo-electric current produced at the same 
temperature is proportional to the degree of separation in the list of the 
two metals which are employed in contact as a thermo-electric couple. 
It must be obvious, therefore, that in this especially interesting case of 
pyrites the opposite or complementary nature of the crystal structure, 
that is, the symmetrically opposite arrangement of the metallic atoms 
in the two structures, is the cause of the very strongly opposite character 
of the thermo-electrical phenomena exhibited. 

The thermo-electric list in the correct order for the mean temperature 
of 50® C. is : (1) antimony, (2) iron, (3) zinc, (4) silver, (5) tin, (6) coppr, 
(7) platinuift, (8) lead, (9) nickel, (10) bismuth. The rule is that if wires 
of any two of them are joined together to form a complete circipt, and one 
of the two junctions be heated, the thermo-electric current will go, in 
the metal which comes first in this list, from the hot junction to the cold 
one Or if a compbund bar be madp by joining two small bars together, 
one* end of one bar to one end of the other bar (the two simple bars be^ 
of two (flfferenfi metals in the list), say by soldering, and if the remaming 
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free ends of the two simple bars be connected by a conducting wire, a 
^current will pass on heating the soldered junction, and will travel across 
the heated junction in the direction from the metal nearer to the bismuth 
end of the list to the metal nearer the antimony end. Thus in the 
bismuth-antimony couple, it moves from bismuth to antimony. Out- 
side, in the connecting wire, which may have an indicating galvanonteter 
introduced in its length, the current passes from the metal on the anti- 
mony side to the metal on the bismuth side. The order of the metals varies 
somewhat with the temperature, as thermo-electric power varies with 
temperature. Indeed for a specific 'temperature for any couple there is 
a neutral point beyond which reversal of the phenomena occurs. 

In English text-books it is customary to treat the bismuth end of 
the series as the positive end, and the antimony end as negative. But 
the contrary is the case with German text-books. Thus, for instance, 
von Groth states, at the commencement of the section on Thermoelek- 
tricitat in his PhysikalischeKrystallographie, that that one of the two metals 
is designated as positive towards which the current moves when the junction 
is heated, and this particular metal in the case of the exjreme bismuth- 
antimony couple we know to be antimony, which in our text-books is 
considered as negative. Likewise Liebisch (pages 173 and 174 of Phys. 
Kryst.) refers to the antimony side of the thermo-electrical series as the 
positive side, and the bismuth side as the negative one. It is well to 
remember this fact, as otherwise misleading impressions will be gained. 
Thus the designation by Marbach of the pentagonal dodecahedron of 
pyrites {210} as thermo-electrically positive, and the complementary form 
{120} as negative, follows the German custom. 

Hectrical Properties of Non-conducting Crystals.— In the case of non- 
conducting crystallised substances, instead of variation of conductivity 
we have the phenomenon of variation in the value of the dielectric 
constant ; this latter is the measure of insulation or of lack of conductivity, 
and of the power of preserving and accumulating an electric charge on 
the surface of the substance. Doubly refractive crystals which are 
classified with non-conductors take greater electrification in certain 
directions than in others, and these directions correspond to the principal 
axes of the optical ellipsoid ; in the case of an optically uniaxial crystal 
the singular axis and directions perpendicular thereto take the limiting 
amounts (maximum or minimum) of electrification, and in the case of a 
biaxial crystal one of the three principal axes takes the maximum, another 
the minimum, and the third an intermediate amount of electrification. 

It has been shown in the development of Clerk-Maxwell’s electro- 
magnetic theory of light, that the measure of the strength of the excitation, 
the dielectric constant, €, is proportional to the square of the constant A 
in the weU-known formula of Cauchy for the dispersion of the light 
spectrum, the general formula for the refractive index for all wave-lengths 
of light (see page 819} : 
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that is, to the square of the refractive index tor a ray of infinite wave- 
length (for when A = oc the second and third terms of the equation ^ 
disappear). Hence, as the refractive index varies with the direction in 
the well-known manner, fully discussed in Chapter XLL, represented 
by the optical indicatrix ellipsoid of Fletcher (see page 876), in all but 
cubili crystals (for which the ellipsoid becomes a sphere), the dielectric 
constant, representing the power of electrical excitation, varies in like 
manner, but in degree, corresponding to the square of the 

refractive index A for a ray of infinite wave-length.' In crystals of the 
rhombic, monoclinic and triclinic Systems the dielectric constant is 
thus represented by a triaxial ellipsoid. The three axes of this ellipsoid 
are coincident with the three crystallographic axes in the case of a rhombic 
crystal, and one axis of the ellipsoid is coincident with the symmetry 
axis of a monoclinic crystal ; but in the general triclinic case none of 
the axes of the ellipsoid are identical with the crystallographic axes. 
Analogously as regards uniaxial crystals, the dielectric constant is repre- 
sented by an ellipsoid of revolution in the cases of trigonal, tetragonal, 
and hexagona(^crystals, the singular axis of which coincides with the 
trigonal, tetragonal, or hexagonal axis of symmetry and with the single 
optic axis. 

Sulphur is an almost perfect insulator, and as the result of a careful 
investigation with some fine rhombic crystals of this element Boltzmann ^ 
has shown that the above rule, so far as rhombic crystals are concerned, 
is absolutely fulfilled, both as regards the actual values of the dielectric 
constant and their relative values for different directions within the 

crystal. • , r • 

The values of the dielectric constant e ^or the three axial directions 
a, y of the optical and electrical ellipsoids of sulphur, identical in 
direction with the three rhombic crystallographic axes, as found experi- 
mentally by Boltzmann, are given in the following table, and compared 
with the values of A^ calculated from the knowledge of the refractive 
indices as determined by Schrauf and the assumption of the truth of 
Maxwell’s electromagnetic theory of light : 


Dielectric Constants of Rhombic Sulphur Crystals. 
Observed Value of e. Calculated Value of A*. 
ea = 3'811 = 3-591 

f|3 = 3-970 


=4-773 


A/ =4-596 


Considering the difficulty of such experiments, and the fact that 
different methods afford somewhat different results, especially when the 
times of duration are different, owing to the well-known absorption or 
“ soaking-in ” of electric charges on dielectric surfaces, these results are 

in satisfactorily good accordance. . . i 

Quite recently (1919) R. Fellinger* has determined the values of the 
dielectric constants • for the axial Erections of some precious stones, 

^ Sitzungaber. Wien. Ahad., 1874, 70 (2), 342. 

* Ann. dt Phu8., 1919, 60^ 181. » 
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including topaz (colourless, from Japan], beryl (aquamarine, from Mada- 
,^gascar), ruby (from Siam), and sapphire (colourless, from Ceylon). He 
found a very marked difference between the values for the axial direction 
and directions perpendicular thereto m the cases of the hexagonal beryl 
and trigonal ruby and sapphire, but not so great a difference for the three 
rectangular axial directions a, h, c of the rhombic topaz. The conedants 
for the two alumina (corundum) gems, ruby and sapphire, were almost 
identical and very high. The actual results were as follows : 

Dielectric (Constants of 

Topaz . €„ = 6-261 66 = 6-536 f, = 6-441 

Beryl , 6par. ^xi*— 6-076 Cpcrp. axi»= 7*023 

Ruby . 6 pal-. axi»~ 11*284 ^ pen*, axu 13*266 

Sapphire 6 par. axU“ 11*418 f)x>rp.axi» = 13*186 

Pure crystals are essential in such investigations, however, for the 
results are bound to be materially affected by enclosures of electrically 
conducting foreign substances, especially liquid cavities, which destroy 
the perfection with which the pure substance acts a? an insulator. 
Among substances obtainable in quantity sulphur is exceptionally perfect 
as a dielectric, most other substances classed as bad conductors of 
electricity being to a more or less slight extent conductors. J. Hopkinson’s ^ 
well-known determinations of the dielectric constants of various kinds of 
glass yielded values ranging from 6*5 to 10*1, the denser optical glasses 
having the higher values. For mica the values obtained varied from 
5 *5 to 8. These values now given for the dielectric constants of crystals 
and glasses may finally be compared with the values as determined by 
Gordon for other well-known dielectrics. Thus ebonite gave the value 
2-284, guttapercha 2*462, indiarubber 2*497, and shellac 2*74. Dry air 
is the standard, with a dielectric constant 1-00. Hence the absolute 
values of the dielectric constant vary very considerably in different 
substances, but their relations for different directions in the same 
crystallised substance are such as follow the above rules, which are 
imposed by the crystallographic symmetry. 

The accumulation of electric charges on the surface of badly electrically 
conducting crystals must also obviously be dependent on these rules 
governing the dielectric constant. Some interesting results concerning 
this aspeot of the subject have been obtained by Wiedemann * and de 
Senarmont ^ with doubly refracting crystals, as regards the degree of free 
surface conduction of insulating crystals. The superficial conduction 
was found to be proportional to the dielectric constant; for the 
conduction varies for different directions in the surface, being greatest 
for the direction in which the dielectric constant is a maxiihum. When 
an electrified vertically suspended and insulated sewing needle was 
brought over the plane surface of a plate of glass or resin, on which 
lycopodium powder (which is also a bad conductor) had been scattered, 
th6 latter was repelled until a circular patch of the glass or resin surface, 

1 Phil. Mag., 1882, 13, 24?. » Pogg. Ann., 1849, 76, 404, and 77, 634. 

, ‘ • Ann. Chim. Phys., 1860, 28, 267. ^ 
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centred around the needle point, had been cleared of the powder. On 
substituting a crystal plate for4he glass or resin, the portion of thej 
surface cleared was in general elliptical in shape, the major and minor 
axes of the ellipse having a definite relation to the crystal structure. 
Fot instance, with isotropic (cubic) crystals the cleared space was always 
circiftar ; but if the plate were one of a uniaxial crystal, cut parallel to 
the optic axis, the clear patch was elliptical and one of the two principal 
axes of the ellipse yould be parallel to the optic axis, apd the other perpen- 
dicular thereto. If the plate were cut perpendicular to the axis, the 
clearing had a circular boundary, fndeed the phenomena were exactly 
comparable to those observed with regard to thermal conductivity described 
in Chapter LVI. De Senarmont also observed the remarkable fact that 
when the experiment was conducted in the dark, under reduced atmo- 
spheric pressure, glowing light-figures were produced, of circular or elliptical 
shape according to the nature of the symmetry of the crystal and the 
character of the particular face on which the experiment was performed. 

Pyro-electricity. — It will have been clear that tlie whole of the 
interesting electrical properties of crystals are fumitions of the crystal 
symmetry, and so far as they have yet been referred to (with the exception 
of the remarkable thermo-electric properties of the two complementary 
pyritohedra of pyrites or cobaltitc) of the system of symmetry ; that 
is, they depend on whether the crystal be cubic, uniaxial (trigonal, 
tetragonal, or hexagonal), or biaxial (rhombic, monoclinic, or triclinic). 
But besides these phenomena, which do not distinguish the holohedral 
class of any system from the other classes of lower symmetry withiji the 
system, there is yet to be considered the more particularly discriminating 
and highly interesting phenomenon of pyro-electricity — the development 
of opposite electric polarity in different 2 )ortion 8 of the same crystal on 
altering the temperature of the crystal— which is exliibited by certain 
crystalline substances belonging to those classes of lower than holohedral 
symmetry which are distinguished by a i)olar character, due to the 
possession of an axis of symmetry without a plane of symmetry per- 
pendicular to it. It has been shown, in the descriptions of these classes 
of symmjetry, that the two terminations of the prismatic crystals belonging 
to these classes usually exhibit different facial forma, and are consequently 
quite unsyinmetrical to each other. 

Tourmaline, which belongs to the ditrigonal polar class 20 of the 
trigonal system, as described on page 348 and illustrated in Fig. 300, is an 
excellent example, the long prisms having quite different kinds of faces 
developed at their two ends. Now, whenever such a crystal is subjected 
to a change of temperature electrical charges of opposite sign are developed 
at the two ends, the terminations of the polar axis of symmetry, which 
may be said to be also the electrical axis. As the temperature, rises (the 
heating being inostTregularly brought about by heating in an air bath) one 
end of the crystal becomes positively electrified and the other end nega- 
tively, while during cooling charges of the reversed si^ are developed. 
That end which develops a positive charge during warming and a negative 
charge on cooling is termed the “ analogous ” pole, while the other end 

VOL. II 2 T 
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which develops negative electrification during heating and positive on 
t cooling is called the “ antilogous ” pole. The substance being a bad 
conductor of electricity, the statical, charges accumulate about the two 
ends. This may be readily demonstrated by dusting a little of Kundt’s 
powder, a mixture of red lead (Pb 304 ) and sulphur, from a muslin bag 
over the crystal, when the particles of sulphur, which are reiMsred 
negatively charged by friction with the meshes of the muslin and with the 
other particles, adjiere to the positively electrified emd of the crystal, 
while the particles of red lead, which are positively charged when they 
leave the bag, attach themselves to Ithe other end of the crystal which had 
developed the negative pyro-electrical charge, the two powdered substances 
obviously becoming attracted to those parts of the crystal which are 
charged with the opposite kind of electricity to that which they themselves 
carry. If the dusting with Kundt’s powder occurred on a crystal rising in 
temperature, and the charges were then removed to earth, the reverse 

would be found to occur 
on allowing the tempera- 
ture to faU again, the end 
which on warming became 
negatively electrified being 
shown, on again dusting 
with the powder, to have 
now developed a positive 
charge, and vice versa. 
Fig. 916 shows this effect 
in the case of a typical 
crystal of tourmaline, the 
lightly dotted part repre- 
senting that to which the 
sulphur is attached, and 
the more strongly dotted 
part that to which the 
red lead has adhered. 

Another mineral which exhibits the property of pyro-electricity in a 
high degree is hemimorphite, zinc silicate, Zn 2 Si 03 ( 0 H) 2 , which forms 
excellent crystals belonging to the polar class 7 of the rhombic system. A 
drawing of a typical crystal has already been given in Fig. 190 on page 228, 
together with a description of the forms at the two ends, and of the 
analogous or antilogous character of the pyro-electricity which they 
develop on change of temperature. Fig. 917 mil render the distribution 
clear. Hemimorphite is frequently referred to as “electric calamine” 
(calamine being the natural carbonate of zinc, ZnCOs), account of its 
pronounced display of pyro-electricity. In the cases of both tourmaline and 
hemimorphite the more acute termination of the crystal is usually the 
antilogous pole, becoming negatively charged on warming. 

The two varieties of tartaric acid (monoclinic, of the digonal polar 
class 4), described on page 255 and illustrated in Mgs. 211 and 212, also 
have a polar electrical axis, the symmetry axis, and the opposite mode of 



Fig. 916. — a Cooling 
Crystal of Tourmaline 
dusted with Kundt's 
Powder. 



Fig. 917. — A Cooling 
Crystal of Hemimor- 
phite dusted with 
Kundt’s Powder. 
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distribution of the sulphur and lead at the two ends of the lateral 
digonal polar axis of symmetry (jf a pair of typical crystals of the twoi 
varieties is represented at a and b in,Fig. 918. 

Many other substances belonging to classes of lower than the full 
holohedrhl symmetry of their system, while not polar in the same sense 
(exhil^iting a singular polar axis) as the classes 4 and 20, still show the so- 
called pyro-electricity. One of the most familiar is quartz, a hexagonal 
plate of which, cut|)erpendicular to the axis, shows on,change of tempera- 
ture alternately positive and negative electrification at the six corners of 
the plate on heating or cooling, as shown in Fig. 919. 


In this case it is 
because the three 
digonal horizontal 
axes of symmetry 
present in the quartz 
class 18 of the tri- 
gonal system are in 
reality each ^par- 
ately polar, one end 
of each developing 
one variety of elec- 



tricity and the other 
end the opposite 
variety. 

Similarlyboracite, 
which crystallises in 
class 31 of the cubic 
system the hexakis- 
tetrahedral class, 
ditesseral polar, de- 




velops with change Fio. QIO.— a Coollne Plate 

, . ^ of Quartz (lusted with 

of temperature nega- Kundt’s Powder. 


FiQ. 020.— A Cooling Costal of 
Boraclte dusted with Kundt’s 
Powder. 


tive electricity on 

four alternate corners of the cube, and positive charges on the other four 
corners, as illustrated by a typical crystal in Fig. 920, the two sets of 
four corresponding to the two complementary tetrahedra characteristic of 
this class 31 of the cubic system. The four trigonal axes, the cube 
diaconals, are in this case four polar electrical axes, the opposite ends 


of each of these axes developing opposite polarity. 

Piezo-electricity.— It has now been shown that, in general, change of 
temperature of a crystal is accompanied by a change of volume, and also 
that change o*! temperature provokes electrical effects in crystals of polar- 
class symmetry. It is not surprising, therefore, that if the vpluine be 
changed by the application of extraneous pressure greater than the ordinary 
aianospheric, or of tension, a similar electrical effect occurs to that which 
is provoked by change of temperature. For when the crystal is com- 
pressed, electrical polarity is observed to be produced along the electrical 
axis or' axes, and when the pressure is removed, or tension is applied, 
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electrical excitation of the opposite sign is invoked. This phenomenon 
is termed piezo-electricity ” (from •Trtefco to oppress or compress). 
Tourmaline and quartz, and also Rqchelle salt, exhibit the phenomenon 
very clearly, in a manner corresponding exactly to their pyro-electrical 
manifestations. The fact was first observed by J. and P. Curie.^ 

Hence, pyro-electricity and piezo-electricity practically deal wi& the 
same physical facts referred to under different names. Piezo-electricity 
is caused by subjeqting the crystal to mechanical compression or tension, 
whilst in the case of pyro-electricity this strain is caused through the 
agency of heat. 

The simplest method of observing the phenomena is to place a slice 
of crystal, cut perpendicularly to the electric axis, between two tinfoil 
slabs, and to place the set between the insulated jaws of a press, one 
armature being connected to earth and the other to the needle of a quadrant 
electrometer which has its opposite pairs of quadrants connected to a 
cell. The signs of the charges are reversed when the press is released, 
or when an actual tension is effected. In agreement with the pyro- 
electric cases of cooling crystals shown in Figs. 916, 9? 7, and 918, the 
more pointed end of the crystal usually develops positive electrical excita- 
tion on contraction. 

In the case of tourmaline, when a prism parallel to the axis is taken 
and two end faces are ground perpendicular to the axis, and the crystal 
prism standing with one flat end on a solid basal support is then sub- 
jected to compression by a weight placed on the upper flat ground end, 
that same end which became positively electrified when the crystal was 
allowed to cool after heating now also develops a positive charge. On 
discharging and then releasing the pressure, a negative charge is developed 
at that same end, just as when the crystal was warmed. 

In the case of quartz, when a plate perpendicular to the axis is com- 
pressed along one of the three horizontal electrical axes (from two opposite 
corners of the hexagonal plate), positive electricity is developed at one 
end and negative electricity at the other end of that axis, and also the six 
corners of the plate exhibit alternately positive and negative charges. 
The opposite conditions are developed if the compression be effected 
perpendicularly to one of the electrical axes. Rontgen,^ in the course of 
some piezo-electrical experiments with a sphere of quartz, found that if 
the compression were effected along the direction of the optic axis no 
electrical effect was discernible at the termini of this axis, but a feeble 
electric charge was developed at the poles of each of the three electrical 
axes perpendicular to the optic axis. When the compression was applied 
in a direction inclined to the optic axis, and in a principal section perpen- 
dicular to one of the three horizontal electrical axes, electric charges of a 
moderate- intensity were developed at the ends of that axis, the signs being 
the opposite of those observed when that axis itself was compressed. 
When the compression was actually effected along the direction of an 
electrical axis, the charges at the two ends of the axis were of the maximum 

1 Compt. rend., 1880, 91, 294 and 383 ; also 1881, 92, 186 and 350. 

" * Ann, der Phyaik, N.F., 1883, 19, 513. • 

t 
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intensity observed in any of these experiments of Rontgen with the quartz 
sphere. • 

It is interesting that just as compression or tension produces an electrical 
effect in these cases, so electrification, in the same sense as that developed, 
produces a minute compression or extension. For the phenomena are 
recipftcal, a potential difference applied between the two faces perpen- 
dicular to the electric axis causing the crystal to expand along the electric 
axis and contract in a direction mutually perpendicplar to the electric 
and optic axes, or vice versa, according to sign. Lippmann ^ was the first 
to observe this fact, and subsequently Kundt ^ showed that the effect is 
rendered evident by the alteration in the shape of the uniaxial optic axial 
rings observed in convergent polarised light, the circular rings becoming 
deformed into elliptical ones, just as produced by direct compression 
perpendicular to the axis. J. and P. Curie ^ have actually measured the 
compression suffered by quartz in a powerful electrical field. 

The results whi(;h have already been obtained may perhaps best be 
summarised as follows, taking quartz as the typical crystal example, and 
assuming that % rectangular block has been cut out of the crystal with 
its longest dimension parallel to the optic axis and its shortest parallel 
to the electric axis of the crystal, the three pairs of parallel oblong faces 
being ground and polished true planes. 

Three cases are to be distinguished, according to which of the three 
pairs of parallel faces are used. 

Case 1. — The largest pair of faces are used, bounded by the longest 
and intermediate edges, {a) When a pressure is applied normally to these 
facta, that is, along the electric axis, and perpendicular to the optic axis, 
charges of positive and negative electricity develop on these two faces 
respectively, in accordance with the simple law expressed by the equation 

Q = KF, 

where Q is the quantity of electricity liberated, F is the force in dynes 
applied, and K is the piezo-electric constant of the crystal. The quantity 
of electricity liberated is found to be independent of the thickness t of the 
slab along the electric axis. If the (quantity of electricity released per unit 

Q F 

' area A of one square centimetre be ? = 
sq. cm,, then q=Kp. 

(6) If instead of compression a tension be applied, the same quantity 
of electricity is liberated, but the polarity is reversed. 

(c) If equal quantities of positive and negative electricity are applied 
respectively to the two parallel faces in question, dilatation or contraction 
of the crystaf occurs in the direction of the electric axis normal to the 
faces, and if the charges be reversed in sign, contraction or expansion, 
the inverse phenom*ena, will occur. 

* Case 2. — If the crystal block be compressed normally to the other 

1 Ann. Chim, Phys. (6), 1881, 2i, 146; Jmirn. de Phys. (1), 1881, 10, 381. 

s Ann. der Physik, N.F., 1883, 18, 228. 

» Compt. rend., 1881, 93, 1137; 1882, 96, 914 ; also Journ. de Phys. {2), 1889, 8, 149 
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long pair of faces {composed of the longest and shortest edges), that is, 

^ perpendicular to both the electric axis and the optic axis, there will ^ 
result a liberation of electricity on thfi same faces as were used for case 1, 
but of opposite sign, the law being in accordance with the equation 

q=-k|f. 


where t is again the thickness of the slab along the elqptric axis (shortest) 
and I is that along the intermediate dimension normal to both optic and 
electric axes. * 

Case 3. — If the block be strained along the direction of the optic axis, 
normal to the small end-faces, no liberation of electricity occurs, and no 
contraction or expansion accompanies the application of an electric field. 

The value of the constant K, i.e. the quantity of electricity liberated 
per dyne, is found to be about fi-5 x 10 for quartz. Lippniann found 
that, as a consequence of the reversibility of cases 1 and 2, if a difference 
of potential V be applied to the block in the direction of the electric axis, 
the consequent dilatation or contraction is given by Sj^-KV, while if 
it were applied in a direction perpendicular to the electric axis it would 


be Recent experiments have still further confirmed 

^ 8 V . 

these rules, which are independent of t, so that electric 


, 1 , , • 1 ^ . X stress 1 . ^ stress 

stress = (mechanical strain), or , . = - j., lust as = 
K strain K ■' strain 


E in 


mechanics (E being Young’s modulus). * 

The value of ^ is 1 *5 x 10^ for quartz, and may be called the piezo- 
electric modulus. For the law is clearly equivalent to Hooke’s law, 
which states that elongation is proportional to the force producing it, 
the stress being the stretching force and the strain the temporary 
elongation. 

The mechanical strains in cases 1 and 2 for any dimensions of the slab 
are the same for a given electric stress. If p = mechanical stress and E 
be the modulus of elasticity, we obtain 

p = E X strain = E x - 


=E.K.y = M.X; 


where X is the electric field in electrostatic units. 

Thus, although the expansion or dilatation depends on* the potential 
difference only, the mechanical stress produced is dependent on both 
V and t. * 

Considerable ingenuity has been displayed in utilising these fact;?, 
especially those concerning quartz^ during the Gre'at War, all of which 
have been fully confirmed in the course of the thorough investigation 
which has been involved, and the author is indebted to Mr. Reginald E. 
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Gibbs, of University College, London, who took part iji,tlie work, for the 
concise summary afforded in th^ later part of this section, and to the 
Lords of the Admiralty for their kind permission to include this con * 
tribution. The piezo - electric changes are used in France to measure 
small charges by means of a balancing method, which admits of great 
accuiacy. Sir J. J. Thomson in this country has used the charges developed 
to deflect his “nimble electrons,” in such a manner that a continuous 
record of the change of pressure during explosions can be recorded. 

As regards the piezo-electrical properties of Rochelle salt, C 4 H 40 flKNa 
. 4 H 2 O, which crystallises in the rhombic bisphenoidal class 6, it has 
recently been shown by A. M. L. Nicolson ^ that the piezo-electrical activity 
is best produced by static compression, the application of torsion, or by 
desiccation. Of all the causes studied a twisting couple about the principal 
axis was found to excite the greatest potential difference between the 
electric poles. According to Hankel and Lindenberg,* either by cooling 
or by pressure the faces of the form ,'1111 become negatively electrifled, 
and those of {111} positively. The four electrical axes are consequently 
parallel to the normals to the faces of these two forms. 

Voigt ^ anJ also Pockels^ have given theories connecting all these 
facts, especially those of pyro- and piezo - electricity, with the elastic, 
electrical, optical, and dielectric constants of crystals, for which it is 
desirable that the original memoirs should be consulted, as the present 
state of the subject is far from either satisfactory or complete. Indeed a 
most promising field of research is offered by the subject, the fringe of 
which only has yet been touched. The Interference Apparatus for general 
uge in Fine Measurement, which is being constructed for the author as 
described in Chapter LVIII. (pages 1358-1364), should prove particularly 
suitable for determining the small amounts of compression or extension 
occurring in these piezo-electrical experiments, and it is the author’s 
intention to use it for further work on this subject. 

The fact that the changes of volume on electrification are instantaneous, 
rendering the counting of half wave-length interference bands furnished 
by the crystal itself impossible, will be no drawback with this instrument, 
as the movement can be followed up at leisure, and the bands deliberately 
counted the while, by the very fine-movement microscope ; for this itself 
carries the movable black glass disc which furnishes one of the two 
interference surfaces. The fiducial mark on, or travelling with, the end of 
the crystal which is to be observed by the microscope, will be a Grayson- 
ruling signal as described on page 1358, and the operation will simply consist 
in following the movement of this fiducial mark (itself of only wave-length 
dimensions), and of counting the bands corresponding to the travel of the 
microscope between the two positions occupied by the mark before and 
after electrification of the crystal. 

Magnetic Induotion. — When a small bar of a solid substance il suspended 

1 Proc. Amer. I.E.E., 1919, 38, 1316. 

» Z^imhr. far Kryst., 1897, 27, 616. 

• Abh. Oes. der Wise., Gottingen, 1890, 86 1 Ann, der Phye. nnd Chtm., N.F., 1895), 
55, 701. 

* NeuM Jahrbwh far Min., 1890, 7, 263. 
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f by a silk thread horizontally, and free, to turn in the horizontal plane, 
between the two poles of a powerful elictromagnet, it becomes affected 
by induced magnetism, and its two ends are either attracted or repelled/j 
by the two poles of the magnet. If* the substance be capable of itself 
exhibiting the properties of a magnet, such as iron, nickel, cobalt, or a 
salt of one of these metals, or even a glass containing one of thefli in 
its composition, it is said to be “paramagnetic,” and the position which 
the bar takes up aftp a certain amount of oscillation isgan axial one, that 
is, the length of the bar is parallel to the line joining the two poles of 
the magnet. The magnetic field in fhis case is stronger in the substance 
than in the air around it, owing to the “ permeability ” to induction being 
greater than for air. Fig. 921 will render the nature of the experiment clear. 

If, however, the substance be not one capable of exercising magnetism 


like iron, the bar will set 
A itself between the poles 

' I of the magnet equatori- 

feebler than that in the 

■- ^ 7 :^—- air surrounding it. 

FiO. 021.— Apparatus for DeterminlnK I’ttra* or Dlamagnetisiu. 

more permeable, para- 
magnetic substance, the so-called “ tubes of force ” of the inducing field 
crowd into the substance from the outside air, and become more widely 
spaced in the air around. On the other hand, the tubes of force become 


fewer in the diamagnetic body than they were in the air around, into which 
they pack themselves more closely than when the body was not there. 

The introduction of a diamagnetic body into a magnetic field is followed 
by induction similar to when a paramagnetic body is introduced, but the 
induced poles are oppositely orientated to their direction in a paramagnetic 
body. In a diamagnetic body the induction through the body is less than 
the value of the field which would exist if the body were not present. The 
tubes of force due to the (dia)magnetism induced in the body run within 
the latter in the opposite direction to the tubes of force of the inducing 
field. A north pole, for instance, the place where the tubes of force leave 
the body, is formed at that end of the body which is tfirned towards the 
direction from which the tubes of force of the outside field enter the body.* 

The extent or power of the diam^rgnetism induced* in bodies behaving 
diamagnetically is very much smaller than the magnetism of iron, nickel, 
or cobalt. Bismuth is the most strongly diamagnetic substance known, 
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but its permeability is only 0‘P998 compared with the paramagnetic 
permeability of iron of 2000. • ^ 

If a sphere of an amorphous substance, whether it be paramagnetic or 
diamagnetic, be suspended between the poles of the magnet, instead of a 
bar, there is no tendency for it to alter its natural position of rest, as its 
dimtnsions are equal and its internal structure is similar in all directions ; 
it behaves thus as magnetically isotropic. Crystals, however, in general 
behave differently, for the property of magnetic induction resembles the 
other physical properties which have been dealt with in exhibiting different 
intensities, or facilities for permeability, in directions which are different 
with respect to the symmetry. The property, indeed, is one of vectorial 
quality, for the values are represented by an idlipsoid with tlirec rect- 
angular axes, the Ellipsoid of Magnetic Induction, which becomes simjilified 
to an ellipsoid of revolution for the three uniaxial systems (trigonal, 
tetragonal, and hexagonal), and to a sphere for crystals belonging to the 
highly symmetrical cubic system. Tlie directional effect can be eliminated, 
however, and the crystal tested like an amorphous body simply for para- 
or diamagnetic properties, by powdering the crystal and jilacing the 
powder in a small and very thin-walled glass tube so as to fill it. The 
particles having every possible crystallogra})hic orientation, the effect of 
crystallisation is eliminated, and the tube sets itself between the magnet 
poles either axially or equatorially, according as the substance of the 
crystal is para- or diamagnetic. 

Our knowledge of the magnetic properties of crystals is derived chiefly 
from the researches of Plucker,^ Faraday,^ Tyndall,® and Orailich and von 
Lang,^ and a brief account of the results will now be given. 

Singly refractive crystals, that is, those belonging to tlie cubic system, 
behave like glass or other amorphous material, in receiving equal para- or 
diamagnetic induction in all directions, and therefore a sphere cut out of 
the crystal takes up no specific position between the magnet poles. It is 
not even necessary to powder the crystal and apply the test for para- or 
diamagnetism to the powder enclosed in a tube, a bar can be used cut 
directly from the crystal, and the observation made as to whether it sets 
itself axially or equatorially. 

Uniaxial doubly refractive crystals (trigonal, tetragonal, or hexagonal) 
take up the strongest para- or diamagnetisation either along the axis or 
in all directions perpen^cular thereto. If the maximum be parallel to the 
axis and the minimum perpendicular thereto, the crystal is said to bo 
positive ; if the reverse be the case, the axis being the direction of minimum 
effect, the crystal is termed negatively magnetic. If a sphere be turned 
out of such a crystal it will only remain unaffected as regards position 
between th^ magnet poles when it is hung up so that its trigonal, tetra- 
gonal, or hexagonal axis is vertical. If it be otherwise susponde^, however, 
it will take up a 'definite position, which was shown by W. Thomson ® 

, 1 Pogg. Ann., mi,72, 315; 1849, 76-, r»7G, and ^7, 447 ; 1850,57,116; 1851,55,42. 

* Phil. Tram., 1849, T ; 1861, 29; I85G, 169. 

» Phil. Mag., 1851, 2, 165; Phil. Trans.* im, 1 ; Phil. Mag., 1856, 11, 126. 

« Sitz. Ber. Wien. Akad., 1858, 32, 43. 

* Brit. Assoc. Rtports, 1860, Part ii, 23; Phil, Mag., 1861, 7,ii77. 
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(Lord Kelvin) to be dependent on the strength of the magnetic field, the 
values of the two principal coefficients* of magnetisation of the crystal 
(parallel and perpendicular to the axis) and the crystal orientation. 
Measurements carried out with sphere! of calcite agreed perfectly with his 
theory. If the sphere be suspended with the axis horizontal, and the 
crystal be paramagnetic and positive, the sphere sets itself so that the direc- 
tion of the optic axis is axial, but when the axis is the minimum magnetic 
axis* and the crystal is negative, the sphere sets itself so^that the direction 
of the axis becomes 'equatorially arranged. The reverse occurs in each 
case when the crystal is diamagneUic. A cube sets itself similarly de- 
finitely when one pair of faces are at right angles to the optic axis, and 
it is suspended with this axis horizontal. 

The results for some of the uniaxial substances investigated were as 
follows : Chalybite, carbonate of iron FeCOs, proved, as might be expected 
from a salt of iron, to be positively paramagnetic ; it crystallises in the 
trigonal class 21, like calcite. Calcite CaCOs and sodium nitrate NaNOs, 
likewise trigonal of class 21, and also wulfenite, lead molybdate PbMo04, 
which is tetragonal of class 9, all revealed themselves as positively dia- 
magnetic. Tourmaline (trigonal of class 20), beryl Be3AlJ(Si03)Q (hexa- 
gonal of the holohedral class 27), dioptase H2CuSi04 (trigonal of class 17), 
and hexahydrated nickel sulphate NiS04 (tetragonal of class 11) 

were all found to be negatively paramagnetic ; and bismuth, antimony, 
arsenic (all three trigonal of class 21), ice (hexagonal of class 25), and 
zircon (tetragonal of the holohedral class 15) exhibited negative diamag- 
netic properties. 

Biaxial doubly refractive crystals (rhombic, monoclinic, or triclinip) 
possess three different principal coefficients of magnetisation in three 
mutually perpendicular directions, the axes of the magnetic induction 
ellipsoid. As such a surface has two circular sections, there are two planes 
in which such crystals take up equal magnetisation. If a sphere be cut 
out of a biaxial crystal, therefore, and suspended between the two poles of 
the electromagnet, with the normal to either of these two planes vertical, 
the sphere behaves like an isotropic one. The two normals to these two 
planes are termed the magnetic axes, and the crystal is thus magnetically 
biaxial as well as optically so. When the sphere is hung in any other 
manner, it takes up some definite position, which in all cases is one in which 
that direction in the plane of possible rotation which takes the strongest 
paramagnetisation, or the weakest diamagnetisation, becomes axially 
arranged with respect to the two magnet poles. ' 

In the cases of crystals in which the directions of the axes of the optical 
ellipsoid are identical for all colours, that is, those of the rhombic system, 
the three axes of the magnetic ellipsoid also coincide with the crystallo- 
graphic axes. If a cube be cut from a rhombic crystal so that its three 
pairs of parallel sides are perpendicular to these three axes, and it be 
suspended between the magnet poles so that one of the three axes is vertical, 
the pair of faces perpendicular thereto being then holizontally arranged, 
the cube will set itself so that one of tlie other two pairs of faces are axially 
arranged and the other (third) pair equatorially ; which pjirticulAr pair is 
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axial and which ia equatorial depends naturally on the para- or diamagnetic 
nature of the substance, and on ihe quantitative relationship of the induc- 
tion along the two normals to thejbwo pairs of faces. Suspension parallS 
to each of the other two axes in turn will afford two other sets of observa- 
tions, and the combination of all three will afford the necessary information 
as (I) which axis is the maximum, which is the minimum, and which is the 
intermediate axis of magnetic induction. 

For instance, suppose a rhombic crystal has shqwn itself to be para- 
magnetic by the powder test, and that on hanging up the crystal by the 
three crystallographic axial directions in turn the following observations 
are made : 


l)ire(;tioii of SimpciiHion. 

Dirfiotlon which sets 
Axially. 

Direction which sets 
I'^qiiatorliilly, 

Axis a 

Axis 1) 

Axis c 

„ b 

„ a 

» c 

1. c 

h 

t, a 






The magnetic induction is thus strongest in the direction of axis b, 
which has set itself twice axially, and weakest along the vertical axis c, 
which has twice arranged itself equatorially, a being the intermediate axial 
direction of the magnetic ellipsoid. If, however, the character had proved 
itself to have been diamagnetic on applying the powder test, the direction 
c would have been the maximum and b the minimum axis of the magnetic 
ellipsoid. 

PJiicker termed those crystals positive for which the acute angle of the 
magnetic axes is bisected by the greatest induction axis, and those 
negative for which the bisector is the axis of least magnetic induction. 

A number of rhombic substances have been investigated by Grailich 
and von Lang {loc. cit.)^ among them being potassium sulphate K28O4, 
ammonium sulphate (NH4)2S04, and potassium chromate K2Cr04. Potas- 
sium and ammonium sulphate proved to be diamagnetic, and for each salt 
the axis b was found to be the maximum, the axis a the minimum, and the 
axis c the intermediate axis of magnetic induction. 

In the case of monoclinic crystals, one axis only of the magnetic 
ellipsoid is identical with a crystallographic axis, the symmetry axis 6 , and 
the other two lie mutually perpendicular somewhere in the symmetry 
plane. Their direction is determinable by suspending the crystal with the 
symmetry axis vertical. The two magnetic axes also lie in the plane of 
symmetry, which is horizontal and free to rotate when the crystal is thus 
suspended,* if the two axes of the ellipsoid which arrange themselves 
axially and equatorially are the maximum and the minimum axes ; but 
the magnetic axfts lie in a plane perpendicular to the symmetry plane if 
one of the set directions be the intermediate axis. Pliicker found 
the monoclinic crystals of diopsidj, CaMg(Si03)2, and potassium ferro- 
cyanide, K4Fe(CN)8, to be paramagnetic, and those of sodium acetate, 
Na02Hj[)2 . 3 £^ 0 , to be diamagnetic. 
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I If the crystal be triclinic the three rectangular axes of the magnetic 
^ipsoid have no relation to the chosen ciystallographic axes, and must be 
sought for by experiment. Pliicker investigated the triclinic crystals of 
copper sulphate, CUSO4.6H2O, potassium dichromate, K2Cr207, and 
cyanite (disthene), AlgSiOs. In the case of the last-mentioned substance 
the interesting observation was made that the crystal at once took i^) a 
definite position under the influence of the earth’s magnetism, as soon as 
it was suspended by the silk thread, and before the magiiet was actuated. 

A few crystalline minerals retain their magnetisation permanently, 
particularly the important triferric fetroxide, magnetite,^ Fe304, which 
crystallises in the holohedral class 32 of the cubic system, and magnetic 
pyrites, pyrrhotite, the composition of which is FeS + a little excess S 
(corresponding approximately to Fe„SHi]), which crystallises hexagonally, 
either truly in that system or in the rhombic system with pseudo-hexagonal 
habit. Doubtless the magnetisation has been induced by the earth’s 
magnetism. In the case of the isotropic (cubic) magnetite the permanent 
magnetism is exhibited in all directions, and in those cases where magnetite 
crystals are found to possess one or more north and souths’ eeking poles, 
their position bears no relation to the crystal structure, the perfect 
symmetry causing them to behave in this respect just like iron or steel, in 
which the structure is microcrystalline with the crystals arranged in all 
kinds of orientations. In the case of the apparently hexagonal pyrrhotite, 
the crystal only remains permanently magnetic in directions perpendicular 
to the axis. 

An excellent mathematical discussion of the theory of magnetic induc- 
tion in crystals of W. Thomson (Lord Kelvin), and an account of it« 
experimental confirmation for calcite by Stenger and Konig, are given by 
Liebisch in his Pliysikalische Krystallographie, pages 196-214. 

In concluding this chapter reference should be made to the results 
of a highly interesting research by A. E. Oxley on Magnetism and Atomic 
Structure, which were described at the meeting of the Royal Society 
on November 18, 1920. 

From Tyndall’s work and these experiments of Oxley, on the character- 
istic deportment of diamagnetic and paramagnetic crystals in the 
magnetic field, it appears that in non-ionised crystal structures the funda- 
mental unit of the space lattice is the molecule. It was shown that the 
electron orbits in atoms must be distributed in space round the nucleus, 
each electron describing a small orbit, or alternatively the electron itself 

' It is to the natural permanent magnetism of magnetite, the “ lodestone,” magnes 
lapis, that the Science of Magnetism owes its name. Whether the origin of the name 
of the mineral itself is due to the discovery in very early times of consideraklo quantities 
of the mineral at Magnesia in Asia Minor, or whether there be solid fact behind the 
remarkable story told by the elder Winy in his Natural History, that a shepherd of 
Mount Ida nifmed Magnes discovered the lodestono, by having»his shoe nails and 
shepherd's staff attracted forcibly to it, and that the mineral came thereafter to be 
named magnes lapis after the shepherd, does not appear to be ever likely to be cleared 
up, although the former origin is more generally credited. It wks not until the tenth 
century that the term “ lodestone ” (meaning leading stone) came into use, after the 
discovery that a suspended slab of the mineral arranged itself north and SQuth and 
thus became of great ue^ in navigation. * 



OH. MX ELECTRICALcd: MAONETIG PEOPMTIES OF CRYSTALS 1466 


may be a complex unit endowed with magnetic properties. In either 
case the distribution must be 8U<i that the aggregate projected area of the 
electron orbits on a plane perpendicular to the principal cleavage is^a 
maximum both in diamagnetic and paramagnetic crystals. This result 
is consistent with a closer packing of the molecules in a direction parallel 
to fhe principal cleavage. In crystals of the simple cubic form X-ray 
analysis has indicated that the structure is or resembles an ionised-atomic 
one, and the cleavages are all of equal value. Such crystals show no 
appreciable structural deportment in the magnetic deld. 

The above views of Oxley relating to electron distribution are consistent 
with the cubical atom theory of Lewis and Langmuir, but not with Bohr’s 
theory. The coupling forces between atoms and molecules in non-ionised 
crystals are due to the mutual magnetic induction between pairs of electron 
orbits. A model of the hydrogen molecule is suggested in which tlie 
arrangement of the coupling units determines a diamagnetic molecule as 
required by experiment. 

It is considered that the above views and those of Bohr may eventually 
be brought iQto line by a fuller recognition of the possible differences 
between radiating and non-radiating matter. 
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LIQUID CRYSTALS 


Reference has several times been made during the course of this book 
to the so-called “ liquid crystals ” discovered by Reinitzer in the year 1888 
and so ably worked out by Lehmann, ^ and although the theory concerning 
their nature is still a matter of discussion and more or less of controversy, 
there can be no question about the fact of the existence ^f substances 
certainly liquid, which exhibit some of the attributes of crystals, especially 


H 


H 


Cx /P 

h/ \h 


double refraction and dichroism. The substances are 
chiefly compounds of carbon, and mostly derivatives 
H of benzene C^Hg containing a large number of atoms, 
and often derivatives of that hydrocarbon in which 
the replacement of two hydrogen atoms of the 
benzene ring has occurred in the “ para ’’ position^ 
__ that is, at two opposite points in the hexagonal ring, 

1 thus conferring on them, as the replacing groups are 

H themselves also complicated, an elongated and more 

Benzene. or less rectilinear configuration. One of the most 
prominent of the substances not aromatic in their nature is the ammonium 
salt of oleic acid, C18H34O2, a very long and straight chain compound 
belonging to the unsaturated series of fatty acids. Vorlander,^ who dis- 
covered several of these substances (and has more recently prepared many 
more), which were afterwards studied further by Lehmann, has shown 
that this extended chain-like character is one of the most favourable 
conditions for the production of “ liquid crystals.” Also they are generally 
substances which exist in solid crystalline condition at the ordinary 
temperature, and after fusion above their melting-point form, on partial 
cooling, with more or less turbidity, at a specific temperature, a second 
modification consisting of “ liquid crystals.” 

The discovery of the fact that these substances prodi^ce crystal- 
like bodies, when examined under the microscope at certain particular 
temperatures, came about as a side issue from the work of Lehmann 
on chemical reactions under the microscope at higher temperatures. His 
heating microscope is now a well-known instrument, and one form of it, * 

‘ FlUeaige KryatcUle, I.«ipzig (Engelmahn), 1904; Zeitechrift fUr physikaiiache 
Okemie, 1910, 72, 366. 

* Her. der Deutach. Oftem. Qea., 1907, 40, 1970 ; 1908, 41, 2033. ‘ 
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constructed by the firm of ^teeg ^ Reuter (formerly Voigt & Hochgesang), 
has been described in Chapter LIl (Fig. 842, page 1172). 

An excellent form of this microscope, as constructed vdth recent 
improvements by Zeiss, was also mentioned and illustrated in Chapter 
LII. and is shown in Fig. 922. It can be employed equally well for 
ordftary eye observation and for screen demonstration, the eyepiece, 
shown separately at A in Fig. 922, being removed when the instrument 
is required for theilatter purpose, 
and the -mirror fitting shown at 
the top of the instrument placed 
in position instead. Adjustment 
of the mirror for azimuth is 
afforded by rotation of the inner 
tube (to which its collar is at- 
tached) within the optical tube. 

Its altitude tilt may be regulated 
by means of a hinge, and its 
position fixe(^ after adjustment 
of the projected screen picture, 
by means of a tightening screw. 

The best Zeiss microscope is at 
once adapted for the purpose by 
making certain additions to i^ 
ordinary equipment. Firstly, the 
microscope-slip, which is some- 
vrfiat wider than the usual 3 by 
1 inch slip, is raised from the 
ordinary stage by means of eight 
little columnar supports. Two 
other pairs of little columns, in- 
sulated in this case, are arranged 
with holes and capstan screws to 
form binding screws for the at- 
tachment of electric wires, in the 
event of the action of the electric 
current on the substance on the 
slide being desired to be studied. 

Secondly, an adjustable miniature q 22. — Lehmaim’a Ueating Microscope as 

Bunsen burner is provided (seen constructed in its latest Form by Zelss. 

on the left in Fig. 922), which can 

be swung under the centre of the stage, where the latter is open, and its 
flame may %e regulated from the minutest size to that of a jet nearly an 
inch high ; the flame can, moreover, be converted into a blo^piipe one if 
desired, as provis!on is also made of an air-blast attachment, both gas and 
0 compressed air from a weighted gas-holder being delivered by caoutchouc 
tubing to two little tubulures carri^ by a cylindrical mixing chamber. 
Both gas- and air-blast can be delicately controlled by means of a long 
lever gas-tap moving over a graduated arc, and by usoof this it is possible 
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to attain a constant temperature at any' height up te 700° Ot for quite a 
considerable time. ‘ j 

. Thirdly, a means of rapidly cooling the substance on the slide, after it 
has been heated by the Bunsen flame, is prodded, in the f3rm of a couple 
of air-blasts, delivered from above by two equal tubes adjustable about 
ball-and-socket joints, one on ea6h side of the stage, and directed do\#i on 
to the slide. The compressed air is evenly supplied to both, so that the 
cooling effect on each side of the centre may be arrange^ to be quite equal. 
These are the three main attachments. Subsidiary fittings are : a water- 
jacket for the protection of the objective and of the analysing Nicol prism, 
fitted with tubulures for the delivery of a stream of cold water and its 
removal after circulation ; the mirror-fitting already alluded to for demon- 
stration purposes, to direct the rays proceeding from the objective (used 
without eyepiece for screen demonstration) to the screen, and certain 
further protective arrangements, such as a convex screen, which may be 
fitted if desired round the optical tube just above the objective. 

The most useful objective is the Zeiss 8-millimetre, magnifying without 
eyepiece about fiO diameters, and with the lowest-power eyepiece about 
200 diameters. This objective serves admirably for the screen projections, 
the light from the electric lantern, in the form of a somewhat narrow 
parallel beam, being first directed into the microscope by the ordinary 
sub-stage mirror, and then concentrated on the object by the sub-stage 
condenser, and subsequently directed to the screen by the upper mirror 
attached for the purpose. 

The originating discovery of Keinitzer in the year 1888 was that 
cholesteryl benzoate, after melting at its fusion point 140° C., changes tQ>a 
turbid liquid, which is doubly refractive and remains so on further heating 
until it reaches the temperature of 179° C., when it suddenly becomes 
isotropic. This new fact was followed by the observation of Gattermann 
in 1890 that similar phenomena occur in the case of para-azoxy-anisol and 
para-azoxy-phenetol. After further substances of like character had been 
described by Vorliinder, the subject was vigorously taken up by 0. 
Lehmann, who considered that the phenomenon was due to the formation 
of crystals in the liquid condition, which appear perfectly transparent 
under the microscope. The turbidity which usually accompanies the 
phenomenon he attributed to the individual crystals being differently 
orientated, and thus scattering the light to a greater or less extent. 
Vorlander not only agreed writh this view but asserted energetically that 
the substances were truly liquid crystals possessing a space-lattice structure. 
At the other extreme, however, G. Tammann expounded the view that 
these anisotropic hquids are merely emulsions of a particularly persistent 
character, but he entirely failed to account for the undoubted exhibition 
of double refraction, dichroism, and other optical properties characteristic 
of crystals^,' such as, in some cases, rotation of the plaiie of polarisation. 
Tammann’s view will be shown in the sequel to have been quite untenable, 
in view of the large accumulation’ of experimental evidence to the contrary. 
On the other hand, the original view of Lehmann, and that of Vorlander, 
that these substances are true crystals, which involves. a spafce-lattice 
^ o 
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stnioturej wU be sfi^dVu also, to untenable, at any rate as ^ing much 
too far, and it fe undeistood t^at^Lehinann fumself does not now go to 
this length, land ddes not insist any longer on a space-lattice stmcturdf 
although this is still maintained by*Vorlander. Befoife proceedftig further 
Twth attempts to account for the phenomenon, however, it is desirable to 
^v#a few further details concerning it. • - 

In the year 1900 it was observed by Lehmann that these anisotropic 
liquids are influenced by being placed in a magnetic field, the molecules or 
their groups becoming all arranged similarly with resp*ect to their axes, the 
turbidity disappearing and the liquid*becoining quite clear. This fact was 
subsequently confirmed by E. Bose, who made the assumption that the 
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molecules are ellipsoidal, while Lehmann considered that the evidence 
pointed to a lamellar structure. In either case, the molecules appeared to 
set themselves in a definite position between the glass micro-slip on which 
the drop was placed and the cover-glass, the long axis of the Bose ellipsoid, 
or the plate surface of the Lehmann lamella, being set up perpendicularly 
to the glass surfaces, under the influence of the magnet. Under these 
circumstances the liquid behaved like the substance of a uniaxial crystal* 
One of *he most interesting of the many substances now known to 
produce “liquid crystals ” is ammonium oleate, CigHggfNH^jOg, which has 
already been referred to as a very long chain-like compound belonging to 
^the fatty series of organic substances, exhibiting the elongated character 
of molecule like the^ara-benzene compounds also already alluded to. The 
“ liquid crystals “ of ammonium oleate are obtained at a temperature only 
slightly Above the ordinary, by simply allowing a wanp solution in alcohol 
VOL. II 2 0 
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to cool. They approach the form of fiteep double pyramids, seen with 
crossed Nicols, as shown (from an actual photograph taken by Prof, 
jjehmann^and most kindly sent by hiip to the author) in Fig. 923 and at e 
in Fig. 924. These drawings are after Lehmann, but his later writings and 
the actual photograph (Fig. 923) show that the real forms are much rounded 
and not nearly so definitely sharply pyramidal. That they are liquid is at 
once seen by merely touching the cover-glass which is laid over the crystal- 
lising drop of solution on the slide, for they immediately become distorted, 
but regain their shape on removal of the pressure. The bodies polarise 
strongly between crossed Nicols, ^d are obviously doubly refractive. 
When two such “ crystals ” approach each other they become blended at 
the point of contact, as shown at a and h in Fig. 924, and are gradually 
drawn into each other, as represented in the successive figures c and d, 
until they are merged into a single individual e exactly like each separately 
before their union, but of double the volume. When an individual is 



bent above a certain amount it either breaks, the two parts then becoming 
perfect smaller individuals, or it forms a knee-shaped twin. 

The chief other substances which afford the phenomena of “liquid 
crystals ” are para-azoxy-anisol, the esters of para-azoxy-benzoic acid and 
para-azoxy-cinnamic acid, para-azoxy-phenetol, cholesteryl benzoate, and 
cholesteryl acetate. The reproductions of two photographs of the ethyl 
esters of para-azoxy-benzoic acid and para-azoxy-bromocinnamic acid, 
kindly sent to the author by Prof. Lehmann, are given in Figs. 925 and 926. 

Some of these, and of the numerous kindred substances now known to 
produce “ liquid crystals ” at specific temperatures, show formations 
which are apparently attempts at the production of prismatic crystals, 
more or less rounded at the edges, as in Figs. 925 and 926, while others 
exhibit the “ liquid crystals ” as spherical drops, showing doufte refraction 
in an unnpstakable manner. In the case of some of the substances, such 
as para-azoxy-anisol, which form these spherical polarising drops, the drops 
.may be set rotating independently by the addition of a little colophonium*) 
Keproductions in Figs. 927 and 92^ of two other photographs taken by 
Prof! Lehmann, of para-azoxy-anisol, show such drops very clearly and the 
effect of compression (between glass plates) on them, as seen under crossed 
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Nicols. In Kg, 929 the. remarkable doubly refractive and dichroio streama 
of “liqfuid crystals” afforded in the case of dibdnzal-benzidine are^ 
illustrated. 



• Generally, the substances are solids at the ordinary temperature. On 
melting under the heat of the little Bunsen flame they produce a non- 
polarising liquid, but on allowing 
this to cool, accelerated by gentle 
and carefully regulated use of the 
pair of cold -air blasts, at some 
particular temperature, corre- 
sponding, according to Lehmann, 
to the formation of a specific modi- 
fication of the substance, the 
“ liquid crystals ” form, and if the 
temperature be then maintained 
constant they can be studied and 
photographed at leisure. On cool- 
ing further, however, the ordinary 
solid modification is again repro- 
duced. * 

A particularly Beautiful ex- -Ethyl Ester of Para-asoxs-bromoclnr^lc 

ample is afforded oy the substance Example of Prismatic " Liquid Crystals," 

• cholesteryl acetate, the chief beauty . . , .1 i-j 

of the experiment* consisting in th^ exquwite manner m which the s^ 
form recrystallises on cooling from the amsotropic liquid stege. A sUde 
u taken* on which a very emaU quantity of the eoU^ haa been prehnutt- 
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arily carefully melted, and the drop of liquid is then covered with a cover- 
j^glass After resolidification it shows <under the microscope a confused 



Fio. 027.~Dlcliroic “Crystal Drops " of FiG. 928.-Rpherical “ Liquid Crystals ” of 

Para-azoxy-anlsol. Para-azoxy-anisol . 


mass of radiating crystals of the ordinary solid variety. While still in 
position on the stage the little Bunsen flame is now brought underneath 



Fig. 929.— Streams of Elongated “Liquid Crystals'* of Dibensal-benzidlne. 


it until it again melts. The Nicols, being crossed the field is practically 
dark, either to the eye, using the microscope in the ordinary way 
with an eyepiece, oor on the screen when the eyepiece is removed and 
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the mirror substituted and the ptrallel beam from the electric lantern 
replaces the ordinary table mio^oscope lamp. The Bunsen flame is 
then at once removed, and the {wo cooling air-jets above the stage* 
allowed to play gently on each side of the centre of the slide. After two 
or three minutes, the Nicols being crossed for the production of the dark 
field? colour becomes visible, due to the double refraction of the “ liquid 
crystal ” modification which now forms. Presently, however, spheruhtes 
of the original solii modification commence to grow o^ut of this brilliantly 
coloured Hquid-crystal phase ; small spots of light appear, probably in 
several places at once over the field,* and rapidly develop into relatively 
large circular discs, of a pinkish to a yellowish colour, beautifully shaded 
both concentrically and radially, and strongly marked by a black cross 
parallel to the planes of vibration of the crossed Nicols. The field is soon 
almost covered with these 
beautiful apparitions, as if it 
were strewn with bright 
cruciferal flowers on a dark 
background, :^ach one quite 
isolated if the cooling has 
been gradual, and the size 
never exceeding a moderate 
one, such as is represented 
in the typical field more or 
less faithfully reproduced, but 
with a lighter background, in 
Ffg. 930. When the growth 
of these spherulites, some- 
what flattened by the cover- 
glass, has become arrested, 
the remaining portion of the 
field is suddenly traversed by 
numerous radiating acicular 
crystals, also of the ordinary 
solid modification of cholesteryl acetate, but more rapidly formed from the 
labile state, polarising in brilliant colours and eventually completely filling 
the field. 

Whatever be the truth concerning the nature of these much-discussed 
“ liquid crystals ” of Lehmann and Vorlander there can be no doubt of the 
reality of the phenomena, and that structures, probably of an intermediate 
character between the liquid condition and a true crystal, are built up by 
these long-chain molecules of the substances exhibiting the phenomena. 
There can lie no getting away from the fact thus revealed that it is possible 
to these molecules, while forming a substance which is liquid— in some 
cases as mobile as water, although more frequently more or less viscous— 
•to arrange themselves in some kind of primitive organised manner, akin 
to, but less perfect than, that in a, crystal, and that when the “liquid 
crystals ” are disturbed, or broken, they at once endeavour, usually with 
complete succdto, to recover their form and to repair the damage. It thus 



fiG. 930.— Spherulitefl crystallising out of the "Liquid 
Crystal ” Variety of Cholesteryl Acetate. 
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appears that the molecules themselves, ^hich are more or less free agents 
■ in the liquid condition, must be endo^wed with a directive force, a con- 
%guration;producing force, the “ Gest^ltungskraft ” of Lehmann. In the 
cases of the bipyramids of ammonium oleate and of the prismatic forms of 
other substances producing “ liquid crystals,” the molecules would a;^ear 
*to arrange themselves almost as if the crystal were solid. In the sphCTical 
drops, however, they appear to take up a concentric arrangement. 

Explanation of Liquid Crystals.”— The most rati^al explanation of 
the phenomenon of “ liquid crystals ” has been offered by Bose ^ in what 
has become termed his “ Swarm Theory.” It is based on the salient fact 
discovered by Vorlander that the molecules concerned are of exceptional 
length. The ordinary assumption of sphericity for a liquid molecule can 
certainly not be valid for a compound such, for instance, as anisaldazine, 
one of the substances forming “ liquid crystals,” 

CH3O . CeH4 . CH : N.N : CH . CeHi . OCH3. 

If two such elongated molecules approach so that the distance of 
separation of their centres of gravity becomes less than haK their length, 
free rotation is arrested, except about the direction of their length, and a 
more or less parallel position is taken up by the two molecules. A bundle 
or “ swarm ” of such parallelwise arranged molecules will assume the 
symmetry of a rotation figure, and be likely to behave optically like a 
uniaxial crystal. Each swarm will be clear, but owing to the reflection 
and diffusion of light between the swarms turbidity will arise to a greater 
or less extent. Heating increa.se8 the molecular motion and thus 
diminishes the swarms, and when they become smaller than the wa^^- 
length of light the turbidity disappears and the liquid becomes clear. 

Determinations of the viscosity of these anisotropic liquids at different 
temperatures, and investigations of their optical behaviour in a magnetic 
field, have afforded considerable evidence in favour of this swarm theory. 
The main idea is represented at a, 6, and c in Fig, 931. At a is represented 


A 

I 

I 



(«) (ft) (e) 

Fio. 931.— Hose’s Swarms. * 


the promifcuous arrangement of the molecules in an 'ordinary isotropic 
liquid and in the liquids in question at temperatures superior to the clear- ^ 
ing temperature ; b indicates the formation of swarms as the liquid cools 
below this temperature ; and c sho’^s a single swarm, the molecules all 

* Phyaikal ZeitschA, 1907, S, 347 and 613 , 1908, 9, 708 ; 1909, ^0, 32 and 230 
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arranged end on when confined ii^the thin film between the micro-alip and 
the cover-glass, all parallel to themselves and perpendicular to the glass 
plates, an attitude which they readily take up, owing to molecular cohesioif, 
and in which they afford the uniamal figure in convergent polafised light. 

The possession of the properties of dichroiam, double refraction, and in 
soElfc cases optical /•otation, and the capability of affording an interference 
figure in convergent polarised light similar to that produced by a uniaxial 
crystal, while atr(^g evidence of definite regularity of structure, do not 
necessarily indicate crystalline structure. The intermediate kind of 
structure assumed in Bose’s svarnf theory would be quite adequate to 
account for the phenomena observed. A still further consideration 
strongly pointing to the same conclusion is the fact that no biaxial inter- 
ference figure has ever been observed to be afforded by any one of the fifty 
or more substances now known to form anisotropic liquids. As the vast 
majority of solid complex organic compounds crystallise in the optically 
biaxial systems of symmetry this fact is very significant as indicating the 
probability that the so-called “ liquid crystals ” are not crystals at all. 
No substanQ .09 have been proved to yield anisotropic liquids except the 
complex long-molecule ones which have been referred to, chiefly para- 
aromatic and long-chain fatty compounds. The case of a simple binary 
inorganic compound, silver iodide Agl, is eliminated by the following 
considerations. This substance was supposed by Lehmann to exhibit 
the property of a “ liquid crystal ” at temperatures superior to 146® C., 
at which temperature it has been shown, on page 1328, to change from its 
ordinary hexagonal (dihexagonal pyramidal) form to a cubic variety. 
This supposition of liquidity has since been shown to bo an error, due to 
impurity in the commercial salt ; for when care is taken to purify it the 
substance remains quite as hard as yellow phosphorus up to 560®, within 2 
degrees of the melting-point. The further fact that some of Vorlander’s ' 
more recent preparations of complex aromatic substances exhibit rotatory 
polarisation is explained readily by the swarm theory, for the molecules 
themselves are enantiomorphous. Likewise, the facts that the two indices 
of refraction, co and e, and the amount of optical rotation have been 
determined with some precision, do not carry us any further, for they are 
only the quantitative expression of the facts already explained by the 
swarm theory. 

The question whether these anisotropic liquids possess the essential 
space-lattice structure of a true crystal would appear to be a suitable 
subject for decision by the new X-ray method of investigating crystal 
structure. Some preliminary experiments have been carried out in the 
laboratory of Prof, von Laue, by J. S. van der Lingen, with the substances 
para-azoxj^-anisol, para-azoxy-phenetol, and anisaldazine, the result being 
quite negative, no evidence of such space-lattice structure having been 
afforded. Vorlander’s contention, that the substances are*ttuly liquid 
crystals possessing a space-lattice structure, on the one extreme, would 
thus appear to have been definitely negatived, just as Tammann’s emulsion 
theory is out of the question on the other extreme. An arrangement of 
^ Berichte der deut Ckem. Gee., 1908, 41,d2032. 



ORYSfALLOGBAPHY 


PART IV 


uie 

r 

similarly orientated ellipsoidal molecules^ with one axis only fixed in space, 
would account for all the phenomena of»regularity of structure displayed. 
This woul^ thus substantiate the view^ of Bose, or even to a large extent 
those of Lehmann, if one accepts as his latest view that what he terms 
“ liquid crystals ” are not dependent on a space-lattice structure, but 
merely on the specific properties of the molecules themselves, which edible 
them to arrange themselves in positions sufl&ciently definitely orientated 
to display double refraction, the property of growth in^ suitable environ- 
ment, and of exhibiting further definite orientation in a magnetic field. 

Hence, it appears to be now esfablished that the highly interesting 
anisotropic liquids are not liquid crystals properly so called. For they do 
not possess the fixed space-lattice structure which is the essence of a crystal, 
the true and perfectly organised solid. The parallelwise arrangement of 
the molecules, brought about largely by their inordinate length, and 
assisted in most cases by their degree of viscosity and the unusual play 
of molecular forces when the molecules are so elongated, attributes of the 
substances which are admitted by all who have studied them, would appear 
to constitute these remarkable bodies as a connecting link betf?7een ordinary 
liquids and true solid crystals. This conclusion, which does not apparently 
quite satisfy Lehmann, really renders these substances, whfch he has done 
so much to bring before us, more important and really more fascinatingly 
interesting than if his original view, that they were crystalline liquids, were 
substantiated. 

Although many of Lehmann’s theoretical conclusions have thus not 
been accepted, having been carried too far, yet besides the valuable 
results just indicated one further solid fact is obvious, namely, that the 
molecule possesses definite and even prominent individuality in these 
liquid bodies approximating in some degree to the nature of crystals, and 
forming a connecting link between true liquids and truly crystalline 
solids. Indeed, the inevitable outcome of Lehmann’s work is that the 
molecular directive force concerned in crystallisation is re-established 
as a fact, after having been more or less discarded for a time as the effect 
of the results of the geometricians, who pushed their magnificent work 
beyond its true limits, and even more recently for a brief space after the 
announcement of the first results of the X-ray analysis of crystals. It 
had been assumed much too readily that no molecular directive force was 
concerned in crystallisation, because such a force was not absolutely 
necessary to account for the existence of a homogeneous structure ; 
and that the mere mechanical fitting together, along the lines of greatest 
facility, of the structural units to form a particular kind of crystal struc- 
ture, the ultimate units of which are the chemical atoms, was sufficient 
to account for that structure. The essential part of the splenSid work of 
the geometricians is not at all affected by Lehmann’g discoveries, the 
establishment of the 230 types of homogeneous structures possible to 
crystals standing as the great truth it undoubtedly represents, confirmed • 
as it now is in a large number of cases by the actual location of the 
atoms by means of X-rays. But the mode of production of the particular 
type of structure in«each individual case, and our ideas aff to the modus 
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operandi of the act of crystalii^iation, are profoundly affected ty this 
restoration to the molecule of its grientating directive force. 

The importance of the space-lattipe, as the expression of the f undamentaf 
molecular or polymolecular arrangement, in the case of the true solid crystal, 
is at the same time even further enhanced. For there can be no question 
but %at a space-lattice arrangement of the molecules is the essence of true 
crystal structure, that of the perfect solid. It may possibly be constantly 
striven after and 4)nly very partially attained, in the cases of the bi- 
pyramidal and prismatic “ liquid crystals ” of such substances as ammonium 
oleate and the esters of para-azoxy^enzoic acid, although some of the 
substances exhibiting such forms are nearly as mobile as water ; and the 
attainment of the intermediate parallelwise arrangement, the swarm, may 
be the result, the highest possible to a liquid, in the cases of these molecules 
of such relatively inordinate length. The directive molecular force may 
possibly and even probably be eventually traced to the negative electronic 
corpuscles composing, along with the positive nucleus, the atoms present 
in the molecule, and especially to the electrons of the outer shells 
of the atoms^s ultimate source. Much of the force is doubtless used up 
in inter-atomic attraction and repulsion, resulting in the stereometric 
arrangement the atoms in the molecule, which gives rise on crystallisa- 
tion to the particular Sohncke-Barlow point-system produced, determina- 
tive of the crystal class. Lehmann also suggests that astatic combinations 
are produced, which account for the negative results of crystallisation 
experiments in the magnetic field. For as Lehmann shows, such astatic 
molecules would endeavour to arrange themselves in space-lattices by 
reason of the considerable residual force (involving polarity in certain 
positions or directions) left after the maximum possible inner expenditure 
of energy had occurred. Whatever be the correct theoretical explanation, 
however, there can be no possible doubt about the fact that a directive 
force is at work endeavouring to produce and maintain a definite arrange- 
ment of the elongated and very complex chemical molecules of these 
remarkable liquids. 

The definite experimental proof of the individuality of the molecule in 
the borderland between the truly liquid and crystalline states thus affords 
strong presumptive evidence that such individuality persists in the truly 
crystalline state. 

This conclusion as to the reality of the molecular directive force renders 
many phenomena described by workers in the domain of crystallography 
relating to the deposition of crystals from solution or a state of fusion— 
notably Wulff and Sir Henry Miers, both of whom, as well as Lord Kelvin, 
have emphasised the prime importance of the molecular or polymolecular 
space-lattice— and which have been referred to in several chapters of this 
book, at once coqiprehensible, and it is in harmony with many facts also 
described by the author. It is also in full agreement with the results of 
* the X-ray analysis pf crystals, which have already proved the polymolecular 
character of the elementary cells of rgany space-lattices of well-known sub- 
'itances (described in Chapter XXXIII., and even although, in the cases of 
the simplest bf compounds, such as sodium chloride, the very simple 
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structure appears as if it were mergly that of the “ions” of the 
elementary atoms present. Moreover, it was pointed out at the close of 
^hat chapter that there was a certain amount of definite evidence afforded 
of the persistence of the molecules, and therefore of intramolecular force, 
in the solid crystal state, and that this evidence was in keeping with a 
considerable accumulation of experimental facts derived from fbher 
branches of physics and physical chemistry. 

It must now inevitably have been brought home^to the reader how 
indissolubly the subject of crystallography is connected with the most 
important and fundamental of natural phenomena, and how deeply it 
concerns the student of natural science, whether he be devoting his energies 
to chemistry or to physics, or to their mutual borderland, physical 
chemistry. A study of the main facts of crystallography, such, as have 
been brought together in this book, is indispensable to a right appreciation 
of any one of these three subjects. 

The immense strides which crystallography has made during the last 
decade will be evident from the large amount of additional matter which 
it has been necessary to include in this second edition of /he work, and 
from the fact that it has been necessary to extend it to two volumes. 
The author’s wish, expressed in the concluding paragraph of the first 
edition, “ that the near future might see many more keen and highly 
trained investigators taking up this fascinating branch of study, of such 
superlative importance to chemistry, and thus rapidly adding to the 
number of experimentally well-grounded and closely related facts,” has 
thus already been to a large extent fulfilled, especially by the opening up 
of the highly promising new method of attack by means of X-rays. The 
future of the subject would thus appear to be assured, and the Science 
of the Perfect Solid, a Crystal, is bound to march ahead and to play its 
full part in the progress which is to follow the liberation of the colossal 
energies so lately, during more than four long years, devoted to War, 
and now happily free to turn to constructive, useful, peaceful pursuits, 
among which the most enthralling of all will undoubtedly be the further 
unravelling of the truly marvellous works of the Almighty in Nature. 
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454, 467, 488 ; of light oscillations, 798 

fiabinet compensator eyepiece, 1162-1166; 
determination of constant of, 1191 ; inter- 
ference bands produced by, 1164 ; use of, 
in measurement of retardation aii<l double 
refraction, 1190-1193 

Background, white and black for goniometer, 
36, 39 

Backstrdm, determination of heat conduc- 
tivity of haematite, 1295 ; determination 
of electrical conductivity of limraatite and 
magnetite, 1384, 1385; thermo-electric 
properties of cobaltite and hiematite, 1386 
Barium antimonyl tartrate with potassium 
nitrate, 139, 310 
Barium nitrate, 139, 169 
Barium platinocyanide, sheen of, 1132 ; X-ray 
luminescence of, 1137 ; X-ray fluorescent 
screens of, and as used in signalling, 1139 
Barker, T. V,, researches on parallel growths, 
498 ; on perchlorates of alkalies, 1246 ; 
on Pope |md Barlow’s theory, 742 ; on 
remarkable cases of isomorphism, 1253, 
1254 

Barker, T. V., andi Miss M. W. Porter, 
examples of Fedorov’s methods, 728 ; 
Fedorov’s setting symbol, 730 
Barkla, 769, 773 * 

Barlow, W., 665, 666, 669-671 ; closely packed 
sphere!, cubic and hexagonal systems of, 
698 , 734 ; Aefinition of homogeneous 


structure, 669 ; mode of derivlig the 166 
additional types, 670, 671 ; quartz struc- 
ture, 675 ; singular points, 671 ; theory 
of space-packing, 670 ; and Pope, valenfy 
theory of, 783-744 ; 230 tfpes of homo- 
geneous structure, 666, 669-671 
Barytes, 227 : isomorphism of, with po- 
tassium perchlorate, 1263, 1254 ; morpho- 
logical constants of, . 1264 ; optic axial 
angle of, 1067 

Basal angles, mo^ convenient, 113, 118 
Bates, F., cadmium vapour lamp, 972 
Baumhauer, glide planes of calcite, 632 
Bausch & Lomb microscope of F. E. Wright, 
1168 

Bearing of recent discoveries on nature of 
light, 758, 791 ; summary of, 791 
Becke, F., camera liicida, 1165, 1167 ; curves 
of equal velocity, 1202 ; drawing table of, 
1165-1167; isotaqnes, 1202; lens for 
isolating directions image, 1189 ; micro- 
scopic method of determining ojitic axial 
angles, 1207-1210, skiodromes, 1203 ; sug- 
gestion of topic axes, 589 
Becker and Bay, force of growing crystal, 
29 

Becker eyepiece mirror-fitting, 41 
Becquerel, researches on fluorescence, 761 
Beilby, Sir George, polishing of metals, 954 
Bending of a plate, measurement of, by elas- 
mometer, 1345 • 1348 ; calculations from 
latter, 1347-1348 

Benitoite, 334 ; X-ray analysis of (Rinne), 708 
Benoit, thermal expansion determinations, 
1306, 1329 

Bentley, aborescent frost patterns, 546 
Benzene, density of, 635 ; refractive index 
of, 810 ; ring formula of, 1406 ; size and 
shape of molecule of, 692 
Benzil, rotation angle of, 1109 
Bergmann and Qahn, 557 
Bertrand, calcite prism, 863 ; lens of micro- 
scope, 1153 ; quartz-plate stanroscopic 
eyepiece, 1158, 1169 

Beryl, coefficient of expansion of, 1329 ; 
crystal of, 139, 306, 306 ; dielectric con- 
stants of, 1392 ; fluorescence of, 11 40 ; maxi- 
mum density of, 1328 ; paramagnetism of, 
1402 ; two spot-patterns of (Jaeger), Figs. 
573 and 674, p. 706, 708 ; thermal ex- 
pansion of, 1329 

Beta particles, electronic corpuscles from 
radium, 763 

Biaxial crj^stals, 833 ; cones of equal retar- 
dation in plates of, 917 ; extinction direc- 
tions of, 897 ; interference figures of, 888, 
921-926 ; Krantz and plaster models of 
wave-surface of, 867 ; o]|ical characters 
of, 829 ; optical rotation of, 1110 ; positive 
and negative, 887; principal section- 
plane of wave-surface of tartaric acid to 
scale, 869 ; transmission of light through, 
866-889 ; wave-surface of, 866-870 
Biot, law of extitetion directions in blaxlgl 
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crystalJi 897, 1209 ; quartz plate, 1106 ; 
relation between colour and rotation angle, 
1079 

Biquartz, the, 1083-1086 ; artificial, showing 
black band* and spectra, Plate VII. facing 
page 1086 ; composed of four wedges, 
1104 ; natural, 1084 ; with oblique 
junction, 1086 ; use of in determination of 
optical rotation, 1088 
Birds, colours of, 828 

Bismuth, electrical conductivity of, 1384 ; 
Sohncke’s system for, 683; strong dia- 
magnetism of, 1400, 1402 ; thermo-electric 
properties of, and Perrot’s measurements, 
1386-1389 

Bisphenoids, rhombic, 229, 230 
Blende, refractive index of, 810; striations 
of, 162 ; structure of, 670 ; motlel of 
latter, 717 ; X-radiograms of, 644, 646 ; 
X-ray spectronietric data for, 670 
Bloodstone, 1265 

Blue band of Nicol prism, 846, 848 
Bohlin, structure of nickel and thorium, 
678 ; of magnesium, 693 
Bohr-Sommerfeld version of atomic structure 
theory, 765, 780 

Bohr’s theory of atomic structure, 766 
Boisbaudran, Lecoq de, on crystal germs, 20 
Bolometer of Langley, 1290-1292 
Boltwood, researches on ionium, 766 
Boltzmann, general formula for optical rota- 
tion, 1080 

Boracito, pyroelectric properties of, 1396 
■ Borax, crossed dispersion of, 930 ; inter- 
ference figures of, 980, Plato V. facing 
p. 926 ; optic axial angle of, 1057 
Bose, E., liquid crystals, 1409 ; swarm 
theory, 1414, 1416 
Bottone's hardness test, 642 
Bowman, stage goniometer, 1166 
Brachypinakoid, rhombic, 226 
Brackets, use of, to distinguish a face, 76, a 
form, 76, a zone, 86 

Bragg, Sir W, H., a-particle-penetration of 
atoms, 766 ; cobaltite. X-ray analysis of, 
180, 676 ; determination of wave-lengths 
of monochromatic X-radiations, 660 ; X- 
ray spectrometer, 661 - 664 ; diagram of 
same, 652 ; spectrometer method of X-ray 
analysis, 649 ; apparatus for rotating 
crystal on same, and for use of photo- 
graphic plate therewith, 654 ; experiments 
with same for locating outer electrons, 719 ; 
two fundamental spacing constants of 
rock salt and calcite, 709 ; equation con- 
necting spacing, glancing angle, and wave- 
length of X-rays, 650 

Bragg, W. I#, diagrammatic construction 
of spot-pattern, 661 ; explanation of Laue 
radiograms, 664, 665 ; law of atomic 
diameters, 711 ; on Rankine’s atomic dia- 
meters. from viscosity, 718, 719 ; use of 
Lutz-Bdelmann electrometer with X-ray 
spectrometer, 663; use of X-radiations 


Iready reflected from rock salt, in study 
f intensity, 720, 721 ; experiments with 
these sifted rays, 721 
Branley’s coherer, 756 ' 

Bravais, 662, 663, 572 ; 14 space-lattices of 
562, 682-688 ; relation of to Sohncke’s 
systems, 603 ; idea of coincidence move- 
ments, 663 ^ 

Bravais- Miller hexagonal axes and indices, 
300 ; stereographic projection of trigonal 
and hexagonal forAs, 305, 338 
Breviura (uranium Xj), 773 
' Brewster’s law concerning polarising angle, 
817 

Brinell hardness testing apparatus, 639-641 
Briot’s dispersion formula, 819 
Brogger’s “Schimraermethode” of crystal 
angle measurement, 1176 
Brookite, crossed-axial-plane dispersion of, 
198, 1059, 1060; density and hardness 
of, 636 

Brugnatelli, crossed-axial-plane dispersion of 
saccharine, 1060, 1061 

Brushes, hyperbolic, of biai^l crystals, 833 ; . 
absorption, 1119 

Buckingham, Duke of, ciutact goniometer 
of, 31, 32 

Butyranilide, polysymmetry of (C, T. R. 
Wilson), 1264 

Cadmium lines, wave-lengths of, 798 ; un- 
rosolvability of red line, 786, 1318 ; tung- 
state X-ray screens, 1138; vapour lamp, 
971, 972 

Cffisium lines, wave-lengths of, 798 ; aluril, 
Plate II. facing p. 154, 166 ; copper 
.selenate, optic axial angle of, 1067 ; dextro- 
tartrate, rotation angle of, 1109 ; dichloro- 
iodide, structure of, 689 ; discovery by 
Bunsen, and derivation of word, 1223 ; 
magnesium chromate, horizontal dispersion 
of, 1061 ; magnesium selenate, crossed- 
axial-plane dispersion of, 1069, 1067, 
Plate VI. facing p. 1086 ; magnesium 
sulphate, crossed-axial-plane dispersion of, 
1067 ; selenate, angles of, 382, axial ratios 
of, 383, 641, crossed-axial-plane dispersion 
of, 1066-1067, molecular volume and 
distance ratios of, 641 ; sulphate, angles of, 
382, axial ratios of, 383, 641, cubical and 
linear expansion of, 1327, 1329, mole- 
cular volume and distance ratios of, 641 ; 
tartrate, rotation angle of, 1109 
Calamine, ZnCOg structure of, 680 
Calcite, as practical example of trigonal 
crystals, 3n-379 ; crystal forms of, 6, 7, 
338, 340, 341, 343, 344, 346 ; calcula- 
tions of angles of, »76-377 ; cleavage of, 
626, 528 ; coefficient of expansion of, 
1329 ; diamagnetism of, 1402 ; drawing • 
of crystal of, 418, 421-424 ; etched figures 
• on crystal of, 1199 ; fluorescence of, 1140 ; 
hardness and density of, 636, 6^6 ; from 
Egremont, 6, 7 ; interfbrence figures of, 
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881, 920, 921, Plate IV. facing p. 920 ; 
limiting cnrvea of, 1032 ; meosurld 
crystal of, 872 ; measurements of angl^ 
of; 373-876; model of (W. L Bragg), 
717 ; prism (80“) and rhomb of, experi-* 
ment with, 836 • 840 ; prisms (60°) of, 
three modes of cutting, 839 ; refractive 
indfces and double refraction of, 886 , 838, 
839, 842, 844 ; stereographic projection 
of, 838, 339, 341, 372; structure of 
(Bragg), 681-683 ; t^ble of results for, 
378 ; thermal expansion of, 1329 ; twins 
of, 602, 504 ; two types of combination 
exhibited by, that of CaO and that of 
CO 3 (Lewis- I^ngmuir), 7l6 
Calcite group, structure of (Bragg), 680 ; 
intensities of first order spectra for, ’683, 
684 ; values of rhombohedral angle, 1246 
Calcium carbonate, two forms of, precipi- 
tated, 1261 

Calcium dextro-glycerate, 1284-1286 ; crystal 
and steroographic projection of, 1286 ; 
table of crystal elements and angles, 1286 
Calcium dithionfie, rotation angle of, 1109 
Calcium sulphate, acicular crystals of, 27 
Calcium thiosulpl ate, 137 ; crystal of, 280 
Calcium tungstate A-ray screens, 1138 
Calculation of crystal elements, 110-113 ; 
of interfacial angles, 94-95, 106-110, 114 ; 
for typical example potassium sulphate, 
114-126 

Calderon stauroscoplc <louble calcite plate, 
976, 1089 ; eyepiece, 1169 
Callendar and Nicolson’s determinations of 
•heat conductivity of iron, 1299 
Calorescence of zinc sulphide, 1135 
Canada balsam, refractive index of, 809, 847 
Cane sugar, ttuorescence of, 1140 ; optical 
rotation of crystals of, 1092, 1110, 1111 
Carangeot, contact goniometer, 7, 31-33 
Carat, the, 156 

Carbon and oxygen, mode of combination on 
Lewis-Langrauir theory, 716 ; atoms, ar- 
rangement of electrons of, in diamond, 718 
Carbon bisulphide, refractive index of, 810 
Carbon tetrachloride, determination of density 
of, 632, 633 ; refractive index of, 810 
Carborundum, structure of, 688 ; typos of 
crystals of, 688 
Camelian, 1266 

Carpenter and Miss Elam on crystal growth 
and recrystallisation in metals, 967 
Cassia, oil of, refractive index of, 810 
Cassiterite, 198 ; twin of, 504 ; Vegard’s 
structure for, 695 ; Williams’ structure for, 
698 * 

Cathode rays, 769 ; phosphorescence of 
diamonds, rubies, and sapphires in, 759 ; 
Pocchettino’s observations on cathodic 
• fiuorescence, 1140, 1141 
Cauchy, general formula for optical disper- 
sion, 818 ; for refractive index, calculation* 
of, 1004.1011 

Ced(ur oil, refracthre index of, 810 


Cells of space-lattice, 20, 560, 689 ; Measure- 
ment of absolute dimensions of, by Bragg 
method, 667 

Centre of symmetry, 69, 128 • 

Cerussite, fluorescence of, 1140^ optic axial 
angle of, 1057 

Chadwick, J., direct measurement proof of 
Moseley’s law, 746 
Clialcedony, gem varieties, 1265 
Chalybite, paramagnetism of, 1402; struc- 
ture of (Bragg), ^81, 683 
Chalycopyrite, crystal of, 200 ; as detector 
» and rectifier, 755 

Chant, receiving apparatus for electromag- 
netic waves, 765, 756 

Chart for solution of splierical triangles, 113 
Chinmayanandam, T. K., interference rings 
in mica, 1381, 1382 
Chlorite, pleochroisra of, 1116 
Chloroform, refractive index of, 810 
Chlorophyll, fiuorescence of, 1133 
Cholesteryl acetate, liquid crystals of, 1410, 
1411-1113 ; benzoate, 1408, 1410 
Ciiinabar, large rotation angle of, 1109 
Cinnamon, oil of, refractive index of, 810 
Circular polarisation, 801 ; by a quarter- wave 
plate, 909, 912 

Circular sections of optical ellipsoid of biaxial 
crystals, 833, 879-881 
Clarke, F. W., 773 

Class (crystal) 1 (tricliiiie asymmetric), de- 
scription of and list of forms in, 187, 276, 
279, 280 ; 2 (triclinic pinakoidal), 134, 
137, 276-279 ; 3 (monoclinic domal), 187, 
247, 256, 257 ; 4 (monoclinic sphenoidal), 
137, 247, 264, 265 ; 6 (monoclinic holo- 
hedral), 137, 248 - 252 ; 6 (rhombic 
sphenoidal), 137, 223, 229, 230 ; 7 
(rhombic hemimorphic), 137, 223, 227, 
228 ; 8 (rhombic holohedral), 137, 228, 
224-227 ; 9 (tetragonal pyramidal), 138, 
190, 206, 207 ; 10 (tetragonal bisphenoidal), 
135, 138, 190, 205, 206 ; 11 (tetragonal 
trapezohodral), 138, 191, 203, 204 ; 12 
(tetragonal bipyramidal), 138, 192, 202, 
203 ; 13 (ditetragonal pyramidal), 138, 
192, 200, 201 ; 14 (tetragonal scal- 
enohedral), 138, 191, 198-200; 16 (di- 
tetragonal bipyramidal), 138, 192-198; 
16 (trigonal pyramidal), 138, 328, 369- 
361 ; 17 (dioptase), 135, 138, 328, 356- 
358; 18 (quartz), 138, 333. 360-364 ; 19 
(trigonal bipyramidal), 138, 333, 848- 
350 ; 20 (tourmaline), 138, 333, 846- 
347 ; 21 (calcite), 138, 334, 338-344 ; 22 
(trigonal holohedral), 138, 334-337* 28 
(hexagonal pyramidal), 139, 301, 810- 
312 ; 24 (hexagonal trapei^hedral), 139, 
301, 809, 310; 25 (hexagonal bipyramidal), 
139, 301, 307, 308; 26 (dihexagonal 
pyramidal), 139, 801, 306, 307; 27 
(dihexagonal bipyramidal), 139, 301, 30^ 
304 ; 28 (tetrahedral - pentagonal doda- 
cahedral), 189„140, 141, 167-169; 29 
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(pentigonal icositetrabedral), 139, 140, 
142, 166, 167 ; 30 (dyakis dodecahedral), 
189, 142, 162'166 ; 31 (hexakts tetra- 
• hedral), 139, 143, 157'162 ; 32 (cubic 
holohedrol), 189, 148, 144-167 
Classes of crystals, the 32, evolution of, 
according to symmetry, 131-136 ; com- 
plete list of, 137-139; the 18 with 
symmetry planes, 133, 134 ; the 11 
enantiomorphous, 131, 132 ; the 3 with 
planes of alternating symmetry, 134-136 
Classes (general description and mode of 
derivation) of cubic system, 140 ; of^ 
hexagonal system, 300 ; of monoclinic 
system, 247 ; of rhombic system, 223 ; 
of tetragonal system, 190 ; of triclinic 
system, 276 ; of trigonal system, 328 
Cleavage, 622 - 531 ; connection between 
structure and, 628-530 ; planes of, 622 ; 
practical investigation of, 530 ; types of, 
622 

Clerk Maxwell, 753, 764, 757 
Clinographic or clinometric projection, 398, 
399 ; construction of, from gnomonic, 484 
Clino-pinakoid, 250 
Clino-prisms or clinodomal prisms, 251 
Cloves, oil of, refractive index of, 810 
Cobaltite, crystal of, 180 ; calculations of 
angles for, 187-189 ; drawing of, 408- 
409 ; measurement of, 180-187 ; shapes of 
faces of crystal of, 182 ; steroographic 
projection of, 180 j structure of (Bragg), 
676 ; table of angles of, 189 ; thermo- 
electric properties of, 1386 
Coefficient of rotation, specific, 1092, mole- 
cular, 1093 

Coefficient of thermal expansion, linear, 1301, 
1302 ; cubical, 1302, 1303, 1304, 1326 ; 
determination of, by Fizeau, 1305 ; by 
interference dilatomoter, 1314-1319 ; cal- 
culation of results for, 1321 ; correction 
for alteration of wave-length by changes 
of temperature and pressure, 1322 ; results 
for alkali sulphates 637, 1329 ; for alu- 
minium, 1326 ; for platinum - iridium, 
1326 ; table of, for typical substances, 
1329 

Coincidence movement, conception of a, 563 
Coincidence movements of first and second 
kinds, 600, 601 

Coleraanite, crystal of, 473 ; gnomonic pro- 
jection of, 472 ; orthogonal projection of, 
471 ; table of angles of, 476 
Collie, J. N., production of helium and neon 
from hydrogen, 776 

CoKingridge’s method of determining optic 
axial angles, 1211 

Colour, 796 1 of crystals, 1112-1130; in- 
tensity of, 'as afforded by crystal plates in 
polarised light, 903 

Coloured flames, apparatus for production 
. of, 964 

Colours of crystal-plates in polarised light, 
896-906 ; explanation^of latter, 898, 899 j 


of birds, 828 ; of ffibther-of-pearl and 
* insects, 827 ; of thin films, 894-896 
Qplumbium (niobium), fixation of atomic 
weight by isomorphism, 1226 
‘Combinations of cubic forms, 146, 147, 164 
Combined system (homogeneous structure), 
nature of, 573 

Comparator, interferential, for standttds of 
length. 1361-1357 

Comparison of X-ray spectrometric results 
with Laue radi^ams, for sodium and 
potassium chlorides, 662 ; confirmation 
of each other, 662 ; restrictions and ad- 
vantages of each method, 664 ; use of 
“monochromatic” X-rays by the former, 
and of “white” X-radiations by the 
latter, 665 

Complementary colours producing white 
light, experiment with double image 
prism and selenite, 867-859, 902 
Composite crystals, three main kinds of, 497 
Composition of planes of atoms in crystal, 
effect of, on the different orders of spectra, 
654 

Composition, plane of (of twin), 600 
Concave gypsum or quart^ plates, 908 
Concave parallelising lem, 852, 864, 859 
Concentration currents during crystallisation, 
26 


Concentration of solutions, metastable and 
labile, 21 

Conception of topic axes, 689 ; validity of, 
proved by Sir W. H. Bragg for potassium 
chloride and bromide, 704 

Conclusions from researches on alkali sul- 
phates, selenates and double salts, 388, 
384, 1242-1244 

Conditions for crystallisation from solution, 
15, 19, 20, 25, 29 

Conduction of heat by crystals, 1292, de- 
termination of, by de Senarmont’s method, 
1292 ; by method of Jannettaz, 1293, of 
Bontgen, 1293, of Bowman, 1294 ; laws 
of, 1296 

Conductivities for heat, measurement of, for 
solids, 1297 ; for crystals, 1297 L metWs 
of guard ring, Forbes, and Angstrom, 
1298 ; table of, for ten solids, 1298 

Conductivity, electrical, of crystals, 1384, 
1385 


Cone of inner conical refraction, 868, 882 ; 
diagram illustrating, 882, 884 ; Lloyd's 
experiment with aragonite, 884 ; Voigt’s 
corrections, 886 ; Clay’s experiment, 886 
Cone of outer conical refraction, Lloyd, 
Voigt, and Clay, 884-886 • 

Conical refraction, inner, 882-884 ; outer, 
884, 886 ; Lloyd’s, experiments on, 884, 
885 


Constancy of crystal angles, 5, 6 ; flnal^ 
proof of, 8 • 

Constant-deviation prism, 966-968 
Contact goniometer of Carangeot, 31, 82; 
of Gk)ldschmidt, 487-489 ; of Stdber, 491 
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Contoured contact faces, 391 , 

Convergent light (polarised), phenomena of 
crystal plates in, 916-926 • 

Converter and transformer for vacuum-tub^ 
work, 970 

Cooper-Hewitt mercury lamp, 973 
Co-ordinates, connection l)etween gnomonic 
an* stereographic, 481 
Copper, parallel growths of, 498 ; structure 
of (Bragg), 678 

Copper pyrites, crystal^of, 200 ; structure 
of, 698 

Copper sulphate, 137 ; crystal of, 279, 283; 
calculations for, 288-296 ; colour of, 1112 ; 
construction of triclinic axes of, 427; 
drawing of, 430-432 ; heat conductivity 
of, 1294 ; measurements of, 283-287 ; 
stereographic projection of, 283 ; table of 
angles of, 297, 298 

Coppet de, on supersaturated solutions, 21 
Cordierite, pleochroism of, 1118 
Correction for conduction of crystal -holder 
of optic axial goniometer, 1044 ; of 
density to 20^037 

Corundum, crysttd form of, 345 ; crystals of, 
686 ; hardness density of, 535, 536 ; 
structure of (Bragg), 686, 687 
Cozonal faces, 85 
Cristobalite, 1264, 1265 
Critical angle of total reflection, 5, 810, 811 ; 

of water and glass, 812 
Crookes, Sir William, experiments in high 
vacua, 768, 1 136 ; phosphorescence of 
diamond, 759 ; spinthariscope, 763 ; tubes, 
•768-760 

Crossed-axial-plane dispersion of optic axes, 
926, 1068-1078; conditions for, 1058; 
experimental confirmation of conditions 
for, 1076 ; formula for (Pockels and 
Kreutz), 1061, 1062 ; of causiiim mag- 
nesium selenate and sulpliate, 1067 ; of 
caesium selenate, 1065 ; of rubidium sul- 
phate, 1063 

Crossed dispersion of second median line, 
929, 930 ; measurement of, 1052 ; of 
borax, 930 

Cross multiplication of facial indices, 86, of 
zone indices, 87 

Croullebois, separation of two elliptically 
vibrating rays of quartz oblique to axis, 
1110 

Cryohydrates of Guthrie, 652, 553 
Crystal, a definition of, 3 ; as assemblage of 
points, 558 

Crystal angle^ law of variation with atomic 
weight, 8, 9 ; axes, 60 ; classes and 
systems, 127 ; elements, calculation of, 
from bwal angles,* 110-113; measure- 
ment, general procedure for, 61-64 ; plates 
• in convergent pola^sed light, 916-920 ; 
system and angles, determination of, under 
microscope, 1176, 1177, 1194-1197 
Crystal-gnain structure of metals, 564, 956 
Crystal-grinding goniometer, 942, 943 

VOL. n • 


Crystalline form, special to each substance, 

8 ; true criterion of, 5 

Crystallisation from solution, 10, 11, 15^ 
conditions for, 15, 25, 29 ; uyder reduced 
pressure, 13 ; vessels, 11 
Crystallites of iron, 28 
Crystallochemical analysis (Fedorov), 730- 
738 

Crystalloluminescence, 1186 
Crystal phospliorescence in cathode rays, 
1137 • 

Crystal plate, passage of conical beam of 
light through a uniaxial, 916, 920; a 
biaxial, 917, 918, 921, 922-925 
Crystal, three dimensional grating for 
X-rays, 647 ; conditions for (with dia- 
gram), 648, 649 
Crystal unit, 679 

Crystals, drying of, 12 ; large, growth of, 
14 ; liquid, 4, 671, 1406-1417 ; nature of, 
3 ; suitable size of, for measurement, 10 
Cube, the, 144, 145, 154 ; drawing of the, 
402 ; as perfection of symmetry, 161 
Cubic axes, construction of, 400 ; forms, 
combinations of holohedral, 154 ; forms, 
stereograjihic projection of holohedral, 
157 ; symmetry, diagram of axes and 
planes of, 1 50 

Cubic forms, calculation of angles of, 149 ; 
recognition of, 156 

Cubic space-lattices, ratio of spacing re- 
ciprocals for tlireo primary forms, 689 
Cubic system, 140-169; derivation of 5 
classes of, 140-144 ; holohedral forms of, 
144-154 

Cubical expansion, 1302 ; of c»sium sul- 
phate, 1327 ; of potassium sulphate, 1327 ; 
of rubuliuin sulphate, 1327 
Cuprite, crystal of, 139, 167 ; coefficient of 
expansion of, 1329 ; maximum density of, 
1328 ; structure of (Bragg), 677 ; thermal 
expansion of, 1329 

Curie, Madame, 761 ; discovery of radium 
ami polonium, 762 ; ami Debierne, pre- 
paration of metallic radium, 762 ; re- 
searclies on actinium, 762 
Curie, Pierre, 128, 666, 568, 761 ; experi- 
ments on surface tension of faces, 26 ; 
piezo-electrical researches, 1396, 1397 ; 
planes of alternating symmetry, 128, 666, 
568 

Curves of equal retardation, 1201 ; of equal 
velocity, 1202; Krantz models of latter, 
1202 

Cuttlng-and-grinding goniometer, 932-^3 
Czapski, theodolite goniometer, 460-452 

Dalton’s atomic theory, effspt of recent 
discoveries on, 766 
Dana, crystal as point system, 662 
Debierne, researches on actinium and 
metallic radium, 762 * 

Debye, P., and P. Scherrer, method of X- 
ray analysis of, *689, 690 ; apparatus of, 

• 2x 
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690, ^'691 ; a typical X-radiogram of, 
691 

.Debye, P., quant- number for electron rings, 

776 

De CbaulneS, principle of, 1177-1179 
Deeley, researches on glacier flow, 649, 650 
Del^osse, 662 

Deliquescent crystals, desiccating chamber 
for, 396, 630 ; measurement of, 894-396 ; 
treatment of, 12 
De Lisle, Romo, 7, 31 ^ 

Deltoid dodecahedron, the, 158, 159 ; 

angles of, 159 * 

Density and structure, 679 ; of crystals, 
determination of, 625-639 ; pyknonieter 
method for determination of, 625-634 ; 
Retgers’ immersion method, 635-639 
Deutritic pyrolusito on sandstone, 28 
Derihon’s hardness machine, 542 
De Senarmont’s method of determining heat 
conductivity of crystals, 1292 
Desiccating chamber for deliquescent crystals, 
396, 630 

Desiccators for crystallisation under reduced 
pressure, 12, 13 

Detectors, magnetic and crystal, 755 
Development of faces, diversity of, 6 
Dewar, luminescence at low temperatures, 
1184 

Dextro-tartaric acid, 1276 
Diacetyl phenolphthalein, rotation angle of, 
1109 

Diagram of labile and raetastable conditions, 
24 

Diamagnetism, apparatus for determining, 
1400 

Diamond, 6, 152, 153, 155 ; cleavage of, 
627, 628 ; coefficient of expansion of, 
1329 ; critical angle of, 6 ; crystal class 
of, 602 ; density of, 718, 1328 ; double 
refraction of, due to strain, 1143 ; experi- 
ment with ten, to show this, 1144 ; hard- 
ness of, 634, 535 ; phosphorescence of, 
759, in cathode rays, 1132, 1137; polaris- 
ing angle of, 818 ; refractive index of, 
810 ; structure of (Bragg), by X-rays and 
data for, 671, 672 ; structure-model of, 
673 ; the Cullinan and Koh-i-noor, 165 ; 
thermal expansion of, 1329 ; twins of, 
602, 606 , 

Diathermancy of crystals, 1287 ; of rock- 
salt, 1287 ; table of, for various crjstala, 
1292 

Dibenzsl-benzidine, liquid crystals of, 1412 
Dichroism and the dichroscope, 1112, 1116 
Dick crystallographic microscope, 1148- 
1166 ; with measuring and mechanical 
stages, ll/'8, 1161, 1154 ; with Miers’ 
stage goniometer, 1149, 1150 ; with sub- 
stage fittings (Grabham), 1152, 1156 
Dielectric properties of crystals, 1390 ; de- 
' termination of constants for sulphur 
(Boltzmann), 1391 ; for beryl, ruby, 
sapphire, and topaz (Xillinger), 1892 


& 


Differences of interfacial angles, limits of, 9, 
1232 

Diffraction, 794, 819 ; grating, 819, 822 ; 

Lord Rayleigh’s 2-slit apparatus, 820, 821 
Digonal axis of symmetry, definition of, 130 
Dihexagoual axis, 130 ; bipyramid, 802, 
803 ; bipyramidal class, 302-306 ; prism, 
304, 344 ; pyramid, 306 ; pyi&idal 
class, 806, 307 • 

Dilatometer, the interference, 1808-1314 ; 
use of, in deter^iination of thermal ex- 
pansion, 1314, 1319 
Diopsido, paramagnetism of, 1403 
Dioptose, crystal of, 138, 368 ; paramag- 
netism of, 1402 

Disintegration of radium and uranium into 
lead, 772 

Dispersion, of median lines, 926, determina- 
tion of, 1048 - 1062, for inclined, 1048, 
1049, for horizontal, 1060 - 1052, for 
crossed, 1062 ; of optic axes, 926 ; 
spectral, 818, 819 

Ditetragonal axis, 129 ; bipyramid, 196 ; 
bipyramidal class, 1ft?,; prism, 194 ; 
pyramid, 201 ; pyramidal class, 200 
Ditrigonal axis, 130 ; b’pyraraid, 336 ; bi- 
pyramidal class, 334-338 ; prisms, 336, 
347, 352 ; pyramids, 346 ; pyramidal 
(tourmaline) class, 345-347 ; scaleno- 
hedral (calcite) class, 338-344 
Dodecahedron, the regular, 164 
Dog-tooth spar, 7 

Dolomite, structure of (Bragg), 683 
Double image prism and selenite experi- 
ment, 857-859; prisms, 855, 866, 85^; 
Huyghens’ experiment with latter, 869- 
863 

Double refraction, 830, 832, 884, 836 ; 
meaning of, 875 ; measurement of, by 
Babinet compensator, 1190-1192; reason 
for two rectangularly vibrating rays only 
persisting, 876 ; sign of, 831, 836 ; thick- 
ness of plate and relation to retardation, 
895, 1191 

Double selenates of the zinc group, crystals 
of, 1230 ; table of angles of, 1233 ; table 
of average and maximum angular changes 
for, 1234 

Double, sulphates and selenates with fiHjO, 
summary of average and maximum 
angular changes for, 1236 
Double sulphates of the zinc group, crystals 
of, 1230 ; table of angles of, 1233 ; table 
of average and maximum changes for, 
1234 

Double systems of Fedorov, 6b8 
Dove’s prism of calcite, 813, 866 
Drawing of crystals, 398-483 ; of crystal 
axes, 400 ; templet for, 401 
Drude, character of ellipsoid of absorption, i 
1114 ; determination of refi‘active indices 
^ of metals, galena, and stibnite, 1123 ; 
elliptical polarisation of surfa^-refleoted 

I light, 1122 
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Drum-head of elasmometer measuring screvi, 
with direct division into thousandths, 
1344 ^ 

Dufet, rotation angles of Epsom salts, sodium* 
dihydrogen phosphate, and ammonium 
Seignette salt, 1111 ; of rhamnoao and 
tartaric acid, 1111 

Duffour, A., preparation and measurement 
of potassium magnWum chromate, 1247 
Dyakis dodecahedron, the, 163 ; angles of, 
163 • 

Eakle, A. S., 473, 475 ; investigation of 
colemanite, 473, 475 : of neocoleraanite, 
487 

Ebert and Hoffmann, phosphorescence of 
pure phosphoric acid, 1131 
Ebonite, dielectric constant of (Gordon), 1392 
Echelon spectroscope of Michelsou, 786 
Effective plane of reflection of X-rays, of 
crystal, 649 ; for calcite, 649 
Effluvioluminescence (in Geissler tubes), 
1136 

Einstein’s theory^ f light quanta, 765 
Ekatantaluni, 773. .^ 

Elasmometer, 1339‘'')345 ; balance of, 1342 ; 
control apparatus of, 1343 ; correction for 
movement of parts, 1347 ; interference 
tripod of, 1341 ; measuring microscope of, 
1344 j mechanical Angers of, 1342 ; use 
of, in determination of bending, 1346- 
1348 

Elasticity of crystals and symmetry, 1334- 
^836 ; modulus of, 1335 ; formulse for 
latter, of Kohlrausch and of Warburg, 
1834, 1335 ; surface of, 1337, 1338; of 
alums, 1338 ; of fluorspar, 1338 ; of 
pyrites, 1338 ; of rock-salt, 1338 
Electric calamine, 1394 
Electrical conductivity of crystals, 1384, 
1385 

Electroluminescence, 1136; of mica, 1136 
Electromagnetic theory of light, 753 ; waves, 
production of, 754, 756, polarisation of, 
756, 757 

Electron, the, 758 ; size of, 763, 767 
Electronegative elements, combination of, 
on Lewis-Langmuir theorj', 782 
Electronic corpuscles, 763 ; composing 
atoms, 764, 767, 773 

Electrons, distribution and localisation of, in 
the atom (Sir W. H. Bragg), 719 ; ex- 
periments with diamond I to elucidate 
this, 719 ; with fluorspar, 720 ; in the 
various ring8<pr shells of atoms, and light 
vibrations, 791 ; table of distribution of, 
in atoms, 774 

Electropositive elementi, nature of, on Lewis- 
Langmuir theory, 781 

fSectroscope of X-ray ^ectrometer, 652 ; 

Lutz-Bdelmann’s “ string " form, 653 ; 

- Wilson tilted type, 652 
Elementary faces o( a crystal, 73 ; parallel- 
epipedoh of space-latti^ 581, 590 


Elements, chemical, number of, according to 
Moseley’s law, 765 ; out of place in peri- 
odia table according to atomic weight|» 
767 ; of a crystal, 73, 74 ; osculation of 
same, 110-113 ; of symmetry, 128-130 
Ellipsoid, the optical, of general form, 829 ; 
relation of, to crystal systems, 829, 880 ; 
of electrical conductivity, 1384 ; of iso- 
thermal conduptivity, 1296 ; of magnetic 
induction, 1401 

Ellipsoids, the vailous optical, of biaxial 
crystals, 870-872 
Emanation (from radium), 763 
Empty spaces between atoms in crystal 
(Bragg), 720 

Enautioraorphlsm, 131, 132, 133, 1272; and 
optical activity, connection between, 
1272, 1273 ; and point systems, 565 ; 
<lerivatiou of term, 1272 
Enantioraorphous eleven classes of crystals, 
131-133 ; character, revelation of, 1273 
Enantiotropic and njonotro])ic dimorphism 
(Lehmann), 1262 
Eosiu, fluorescence of, 1133 
Epidote, absorption brushes of, 1119 ; pleo- 
chroism of, 1118 

Epsom salts, optical rotation of, 1111 
Equations connecting indices of primary at)d 
inverae trigonal forms, 332 ; connecting 
Millerian and Bravais-Millerlan trigonal 
indices, 338 

Equatorial symmetry, deflnition of, 130 
Equivalence parameters of Pope and Barlow, 
734, 740 

Erecting prism, 812, 813 
Kskifjordhr, Iceland spar from, 849, 1303 
Etched Agures, on ammonium ferrous sul- 
phate and nickel potassium sulphate, 
1200; on apatite and calcite, 1199 ; use 
of, to determine crystal class, 1197-1201 
Ether (ethyl oxide), refractive index of, 810 
Ether, the, 751-753, 792 
Ethyl alcohol, refractive index of, 810 
Ethylene diamine sulphate, rotation angle 
of, 1109 

Ethyl sulphates of rare earths, 1245 
Ethyl triphenylpyrrholone, crossed-axial- 
plane dispersion of, 1063, 1271 ; crystal 
of, 1063 ; dimorphous forms of, 1270 , 
1271 ; interference Agures of, 1084 
Eutropic series, deAnition of, 383, 384, 1232 
Evans, double quartz wedge, 1192 
Evolution of crystal classes, 131-136 
Ewald, structure of pyrites from Laue radio- 
grams, 675 • 

Expansion, linear thermal, table of values 
of, for typical substances, 1329 
Extinction angles, determinattou of, by 
stauroscope, 974-988 ; determination of, 
under microscope, 1193, 1194 ; directions 
in crystal plate, 897-898; principle of 
determination of^ 897, 898 ; under crossed * 
Nicols, four times in a revolution of 
crystal plate, 897 * 



1428 


OBYSTALLOGRAPHY 


f 


Extraordinary ray of uniaxial crystal, 831, 
mi 840, 844 

jEyepfece,’ Babinet compensator, 1162-1165 ; 
Bertrand^ quartz - plate, 1168, 1169 ; 
Calderon calcite • plate, 1159; gonio- 
meter, 1157, 1168 ; Huygbenian, 1158 ; 
projection, 1160 ; Ramsdeii micrometer, 
1166, 1167 

Fabry and Buisson, on nebuliura, 776 
Fabry and Perot, otaltn of, 1375, 1376, 

, 1378-1381 ; evaluation of metre in wave- 
I lengths of liglit, 1379-1381 ; rings in*" 
mercury light, 1378 
Face-centred cubic space-lattice, 656 
Face-normal, 65 

Faces, fundamental, 71 ; of crystals, 3 ; of 
crystals true planes, 4 
Facial pole, 63, 65 ; to find, on stereo- 
graphic projection, 66 

Factor F in formula for reflecting power of 
X-radiation, 721 ; as imlieatiou of ar- 
rangement of electrons on shells, 721 
Facts revealed by measurement of a typical 
crystal, 69 
Fahl ore, 159 

Feathery crystal growths, 26 
Fedorov, E. S., 566-568, 571, 572 ; 165 addi- 
tional types of homogeneous structures, 
566, 668, 569 ; correct setting of crystals, 
725-732 ; correct setting symbols, 730 ; 
description of, by T. V. Barker and Miss 
Porter, 730 ; crystallochemical analysis, 
732, 733 ; cubic and hypohexagonal types, 
722, 723, 724, 725-726 ; curved ruler of, 
100 ; double systems of, 568 ; five 
parallelohedra of, 567, 572, 722, 723 ; 
measurement of optic axial angle by 
universal stage, 1214-1216 ; method of 
crystal - angle measurement under the 
microscope, 1177 ; positive and negative 
types of elementary cells, 726’; relations 
of parallelohedra to space-lattices, 724 ; 
stereohedra of, 567, 568 ; structure theory, 
722-726 ; two-circle goniometer, 455, 456 ; 
universal stage, 1160-1162 
Fellinger, determinations of dielectric con- 
stants of topaz, beryl, ruby, and sapphire, 
1392 

Felspar, orthoclasc, hardness of, 635 
Ferments, use of, to separate optical anti- 
podes, 1277 

Ferraor, spiral ice crystals in the Alps, 545, 
546 

Fi^s, colours of thin, 894-896 ; thickness 
for extinction, 896 

Finest measurement possible by mechanical 
means, 890 ; by interference bands, 800 
Flames, box-lantern with arrangements for 
producing coloured, 864, 964 
Fletcher, Sir Lazarus, the indicatrix of, 831, 

• 841, 870, 872, 876-879 * 

Fluorescein, fluorescence of, 1133 
Fluorescence, 1132 • 


Fluor spar, 139, 145, 153 ; cleavage of, 52|3 *, 
coefficient of expansion of, 1329; coloufted 
** by X-rays, 1138; elasticity surface of, 

, 1338 ; hardness of, 536 ; phosphorescence 

of chlorophane variety of, 1132 ; refractive 
index of, 809 ; structure of, 673 ; thermal 
expansion of, 1329 ; twin of, 605 
Foam-cell hypothesis of Quincke, 551 
Foppl, sphere of influence of carbon atoms 
in diamond, 673 

Forbes’ method determining heat con- 
ductivity, 1299 
Force of crystallisation, 29 
Form, nature of a, 69, 69 ; of first, second, 
or third order, 226 

Formulae required for calculation of crystal 
angles, 107-110; for solving oblique 
spherical triangles, 108, 109 
Forster, 562 
Foucault’s prism, 850 

Fourteen space-lattices of Bravais, 562, 682- 
588 

Four-wedge biquartz, 1104 
Fowler, A., nature of heliC.n lines, 790 
Fox’s wedge, 907 ^ 

Fraction of an interlereifce band, determina- 
tion of, 1316 

Fracture, types of crystal, 622, 628 
Frankeuheim’s 16 space-lattices, 562 
Frequency of light vibration, 793 ; limits of, 
795 

Fresnel, bi-prism, 821, 1107 ; ellipsoid, the, 
831, 873-876; quart/- prism of (compound, 
of right anil left varieties), 1080 ; rhomb, 
813, 814 

Friedel’s la w concernin g radiogram sym metry, 
667 

Friedrich, W,, experimental discovery of 
diffraction of X-rays by crystals, 642 
Frost, fern-patterns, 544, 545 
Fuchsine, colours by reflected and trans- 
mitted lights, 1121 

Fuess microscope, 1165, 1166 ; No. la gonio- 
meter, 42, 435-440 ; No. 2a goniometer, 
34-40 

Fundamental faces of crystals, 71 

Gadolin, 128, 150, 661 
Gahu, 567 

Galena, 145 ; cleavage of, 527, 628 ; hard- 
ness and molecular volume of, 636 
Galilean telescope, 1095 
Gallium, atomic weight settled by isomorph- 
ism, 1225 

Galvanoset, the, 970 
Gamma rays from radium, 763 
Garnet, 146, 162 ; crystal of, 170-179 ; cal- 
culation of results for, 176 ; drawing of, 
403 ; measurement of, 170-179 ; refract- 
ive index of, 810,; stereographic projectioff 
of, 171 ; table of angles and cry'stal 
elements of, 179 ; vicarious replacement in, 
1262 

Geissler vacuum tubes, ^i88 



liiDEX 


I4S9 


General formula for refractive index, calcu- 
lation of, 1008-1012 • 

Geometrical theory of crystal structure, 561^ 
conclusions concerning, 676, 577 ,* sum- 
marised statement of, 677 * 

Germ crystals in the air, 19-21 ; size of, 21 
Gernez, crystallisation of supersaturated 
soldMons of sodium sulphate, 19, 20 
Gibbs, R. E., on piezo-electricity, 1398 
Gibbs, Willard, phase rule of, 21 
Glacier ice, 547 ; grains, ||^50 ; movement of, 
647-661 ; regelation and viscosity of, 648, 
649 

Gladstone’s law, 1014, 1016 
Glancing angle, 806 ; determination of, in 
X-ray analysis (Bragg), 654 ; for rock- 
salt and sylvine, from cul)e au<l octahedral 
planes, 669 

Gian spectrophotometer, 1124 
Glan-Foucault jirisni, 851 
Glass, critical angle of, 812 ; dielectric con- 
stants of, 1392 ; polarising angles of, 818 ; 
’refractive indices of, 809, 810 ; strain in 
chilled, 1145 * 

Glauberite, crossed-axial-plane dispersion of, 
1078, 1076 V 

Glaucophane, pleochroisni of, 1119 
Glide planes, 631-633 ; of calcite, 532, 533 ; 

of mica and rock-salt, 531 
Glycerine, refractive index of, 810 
Gnomonic projection, 468-473, 474-486 ; of 
colemanite, 472 ; of red silver ores, 478 ; 
of topaz, 471 

Goethe, on phosphorescence, 1132 
Gdid, structure of (Vegard), 678 
Goldschmidt, V., crystal modelling apparatus, 
489-491 ; method, notation, and formulae 
of ,473, 474 ; two-circle contact goniometer, 
487 - 489 ; two-circle goniometer, early 
pattern, 463 ; new pattern, 455 
Goldschmidt, V. M., method and two-cinde 
goniometer of, 466 ; apparatus for crystal 
measurement at very low temperatures, 
445-447 

Goniometer, 31-49 ; adjustment of, 40-42 ; 
Carangeot’s contact, 31-33 ; circle, testing 
of, 396 ; eyepiece, 1157, 1158 ; for study of 
growing crystals, 391 ; Fuess No. 1«, 42, 
486-440 ; Fuess No, 2fl!, 34-40 ; Gold- 
schmidt’s contact, 487 ; heating apparatus 
for No. la, 438-440; Miers .“tudent’s, 44- 
48 ; principle of reflecting, 53 ; stage for 
microscope, 1149, 1160, 1156; suspended 
(Miers), 392, 398 ; Troughtou and Simms 
horizontal, 43, 44 

Goniometers, iJbrizontal and vertical, relative 
advantages of, 44 ; two and three circle, 
448-466 • 

Goniometry at higher temperatures, 434, 
• 487-445 ; at low temperatures (V. M. 
Goldschmidt), 446 - 147 ; at very high 
temperatures (Wright), 443, 444 
Gossner, ci^ of pseudo-symmetrical poly- 
symmetryl 126S?; constitution of mixed 


crystals, 1249-1261 ; double sulphate and 
chromate of potassium and sodium, j(l97 
Grabham, additions to Dick micjjpicope, 
1152, 1156 • 

Grailich and von Lang,rosearche;^n magnetic 
induction, 1403 

Graphite, hardness and density of, 636 ; 

structure of (Debye and Scherrer), 689 
Grating, diffraction, 819,. 822; crystal os 
three - dimensfenal, 642 ; normal and 
oblique incidence^ 826, 826 ; principle of, 
823 ; Rowland's, 822, 823, 825 ; Thorpe’s 
• replicas of, 822, 823, 825 : spectroscopic 
conditions and f^ormiila for, 643, 826 
Grayson, H. J., fine rulings, 824 ; for de- 
fining lines, 1357 ; location signal (Fig. 
905), 1358; use with torsometcr, 1360, 
1361 

Greenockite, crystal of, 139, 307 ; hardness 
and molecular volume of, 536 ; structure 
of, 694 

Grinding goniometer, 942, 943 ; and polish- 
ing, nature of processes of, 950, for crystals, 
953, for glass, 951, for metals, 954 
Gross, R., apparatus for bane radiograms, 
667 ; cyclometer for analysis of radiograms, 
667 

Grossmann and Lomas, hollow ice crystals, 
546 

Groth, von, generalised theory of combined 
Sohneke point-systems, 572, 673, 676 ; 
universal apparatus, 974, 1044 - 1047, 
1086-1089 

Growth of measurable crystals, conditions 
for, 25, 29 ; Marcelin'a researclies on, 30 
Guanidine carbonate, rotation angle of, 1109 
Guglielmini, 7 

Gui<Ie line in crystal drawing, 485 
Guild, J., special form of Cooper - Hewitt 
mercury lamp, 973 
Guthrie’s cryoliydratos, 652, 553 
Gutta-percha, dielectric constants of, 1392 
Gypsum, cleavage of, 526 ; crystal of, 603 ; 
(liagram of extinction directions of, 904 ; 
hardness of, 635 ; heat conductivity of, 
1294, 1295 ; inclined dispersion of median 
lines of, 927 ; interference figure of, about 
one optic axis, 833 ; maximnm of optic 
axial angle of, 1088 ; Mitsclierlicli experi- 
ment with, 1059, 1067-1076 ; optic axial 
angle of, and its crossed axial plane dis- 
persion, 1008-1071 ; plan of cutting of 
plates and prisms from same crystal, 1077 ; 
position of median lines in, 1068 ; refract- 
ive indices of, at different temperatures, 
1078; rotation of optical ellipsoid olfon 
heating, 832 ; sensitive plate of, 899, 900, 
901, 906 ; thermal expausmn of, 1328* 
1330 ; twin of, 603 ' 

Habits, progression of, with atomic weight of 
alkali metal, 1241 • 

Haematite, crystal form of, 846 ; determina- 
tion of heat con^Juctivity of, 1296 ; elec- 
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tricatoonductivity of, 1386 ; form of, 846 ; 
thepao-electric properties of, 1386, 1887 ; 
structure of, 686, 687 

flalf-wave-length reversal of phase by Nicol 
analyser, • 898 ; on passage to denser 
medium, 892, 895 
Half-wave mica plate, 910 
Hambergite, spot-pattern of, 707, 708 
Hard and soft X-rays, 662, 653 
Hardness of crystals, 4, 664 ; and atomic 
and molecular volume. 636 ; and cleavage, 
636 ; and density, 6a6 ; curve of, 638 ; 
definition of, 534, 536 ; measurement of^ 
by sclerometer, 537-639; Mohs’ scale of, 
634, 536 ; tests, 639 

Harkins, genesis of elements, 776 ; isotopes 
, of chlorine, 777 

Hartley and others on crystallisation of 
sodium sulphate, 26 

Hauerite, Bragg’s structure of, 675 ; Ewald’s 
structure from radiograms, 676 
Haiiy, 6, 7, 8, 31, 657 ; molecules int(5- 
grantes, 567 ; proof of generalisation of, 
1244 

Heating apparatus for No. la goniometer, 
437-440 ; for optic-axial-angle goniometer, 
1043, 1044, 1047 

Heating microscope, Lehmann’s, 1171-1172, 
1407 

Heat radiation through crystals, 1287, 1288 ; 
through uniaxial and biaxial crystals, 
1288 ; rays, wave-length of, 795 ; Rubens’ 
and R. W. Wood's long waves of, 796 
Heliotrope, 1265 

Helium, 762, 763 ; origin of name, 798 ; 
spectra of, 790 ; wave-length, of line Dg, 
798, 1818 

Helium isotope, 779 

Hemihedrism and totartohe<lri8m, 127, 128, 
159-162 

Hemimorphite, crystal of, 228 ; pyroelectric 
properties of, 229, 1394 ; spot-pattern of, 
707, 708 

Herbert Smith’s refractometer, 1033-1036; 
modification of Miers student’s goniometer, 
48, 49 ; three - circle goniometer, 469- 
464 ; signal - slit and camera lucida for 
latter, 463 ; adjustment of and method of 
using same, 464-466 

Hertz, experiments with electromagnetic 
waves, 764 
Hessel, 561 

Hexagonal axes, 299 ; construction of, 416, 
417 ; axis of symmetry, definition of, 180 ; 
bipyramid of first order, 303 ; bipyraraid 
df second order, 303, 836 ; bipyramid of 
third order, 307, 808 ; bipyramidal class, 
807, 808 ; forms, stereographic projection 
of, 306 ; ^rism of first order, 303, 343, 
344, 853, 357 ; prism of second order, 304, 
836, 844, 347, 367 ; prism of third order, 

, 308, 367 ; pyramid of first order, 807, 
311 ; pyramid of second order, 311, 347 ; 
pyramid of third ort^r, 311 ; pyramidal 


class, 810, 311 ; system, 299-812 ; trapezo- 
* hedra, 309 ; trapezohedral class, 309-81T) 
Ijfexakis octahedron, the, 151 ; angles of, 
151 ; drawing of, 406, 407 ; tetrahedron, 

' the, 167, 158, angles of, 168 
Hilton, review of theory of homogeneous 
structures, 574, 676 
Holoaxial symmetry, definition of, 181/ 
Holohedral, meaning and retention of terra, 
144 

Homogeneous structure, nature and definition 
of, 656, 660, 677 
Honigschmidt, 771 

Horizontal dispersion of first median line, 
928 ; measurement of, 1060-1062; of 
sanidine felspar, 929 

Hosali, Miss N., crystal models, 492, 493 
Hull, A. W., method of X-radiography, 692 ; 
determinations of structure therewith, of 
iron, steel, sodium, aluminium, nickel, 
calcium, palladium, platinum, iridium, 
titanium, chromium, tungsten, tantalum, 
silicon, magnesium, graphite, diamond, 
zinc, cadmium, and rutj^^nium, 692, 698 
Hutchinson’s hot - water cell for gypsum 
plate, 1069; protracjjfr, 101-103, 106 ; 
research on ueocolemanite, 487 ; stereo- 
graphic net, 103, 104, 106 ; universal 
apparatus, 1035 
Huyghenian eyepiece, 1168 
Huyghens, experiment with two double- 
image prisms, 869-862, explanation of 
same, 862, 863 ; principle of wave- 
envelopes, 803 ; diagram illustrating, 803 
Hydrogen lines, resolution of, 786 ; two sefies 
of, 790 ; wave-lengths of, 798, 1317 
Hydrogen, size and volume of atom of, 643 
Hyperbolie interference curves of calcite 
twin, 930, 931 ; of quartz plate parallel 
axis, 930, 931 


Ice, crystals of, 643 ; density of, 647 ; dia- 
magnetism of, 1402 ; forms of, 309, 644 ; 
physical constants of, 647 ; refractive 
indices of, 547 ; Rinne’s and St. John’s 
X-ray analyses of, 643, 694 ; tensile 
strength of, 647 

Iceland spar, 846, 849, 1303 ; structure of 
(Bragg), 681-683, 717 
Icosahedron, the regular, 1 64 
Icositetrahodron, the, 162 ; angles of, 163 ; 
calculation of angle of {211}, 176, 177 ; 
drawing of, 403, 404 
Idiochroraatism, 1112 

Idocrase, drawing of, from ^omonic pro- 
jection, 484, 486 ; elements and angles of 
crystals of, 484, 48i5 
Illumination tube of goniometer, 38 
Images of Websky slit, two, from 60®(t' 
doubly refracting prism, 998 ; positions 
of (signal of interferometer) from five 
surfaces, 1856 

Inclined dispersion of median' lines,. 927, 
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928 ; meuarement of, 1048, 1049 ; of 

• gypsum, 927 • 

Index-ellipsoid of MacCullagh, 872 % 

Index of refraction, 808, 809 
ludiarubber, dielectric constant of, 1392 * 
Indicatrix of Fletcher, 831 ; of biaxial 

crystals, 870, 872, 876-879 ; of uniaxial 
cifstals, 841 

Indices of a face, *74 ; of a 8rd face in a 
zone, 87 ; of a 4th face, 91, 94 ; of 
primary parametral^ face, 78 ; of three 
axial planes, 77, 78 

Indium, structure of (Hull), 695 , 

Infra-red rays, 798 
Insects, colours of, 827 
Intensity of light, 795 ; of spots in X-radio- 
grams, 660 ; of X-ray reflection and mass 
or atomic weight of atoms in plane, 656, 
686, 687 ; of X-ray spectra, interpretation 
of, 654, 656, 657 ; relation of, for dilferent 
orders and connection with density of 
atomic planes, 658 ; Sir W. H. Bragg’s 

* diagram illustrating, 658 ; statement con- 
cerning latt^ 659 ; values for first five 
orders, 654 

Intercepts, 74 'vi 

luterfacial angles, ''calculation of, 114-124 
Interference bauds in field of interferometer, 
1311 ; colours of crystal plates in parallel 
polarised light, 896-902, of optically active 
crystals, 1081 ; colours of thin films, 
894-896 ; figures of biaxial crystals, 833, 
834, 917, 918, 921-925, of uniaxial crystals, 
831, 916-921 ; tripod of dilatometer, 1312, 
• expansion of screws of latter, 1326 ; 

tripod of elasmometer, 1341, 1342 
Interference of light waves, 799-801 
Interferometer, general form of author s, 
1330-1333, general use of same, and de- 
monstration and experimentation apparatus 
therefor, 1330, 1331 ; of dilatometer, 
1308-1313 ; of elasmometer, 1339-1341 ; 
of torsometer, 1359-1363 ; of Fabry and 
Perot, 1375-1380 ; of Miclielson, 1366- 
1368, as used for evaluation of metre 
standard, 1371, 1372; Hilger form of, 
1374, 1375 

Interferometry, three principles of, 1364- 
1366 

Intersections, method of, in crystal drawing, 
402 

Inverse squares, law of, 795 
Inverse trigonal forms, equations for, 332 
lodosucciuimide, crystal of, 138, 201, 202 
Ionisation by X-rays, explanation of, 653 ; 
chamber X-ray spectrometer, 662; 
gases used in same, 653 
Ionium, 766, 771 • 

Iron pyrites, 162, 164, 166 ; structure of, 
• 674, 676. 716 

Isodimorphism, 1222* 

Isogonisra, 1266 ; researches of Qroth, 1261 
Isogyres, 1201 

Isomerism* 126>; derivation of word, 1257 


Isomorphism, 8, 884, ' 1221 ; curnsnt defini- 
tion of, 1225 ; derivation of wor^ 1221 ; 
literal, of cubic crystals, 1224 ; Mitscher- 
lich’s last definition of, 1224 ; reservations 
and limitations of, 1244,* 1246 ; true 
meaning of, 1228 ; unusual types of, 1262 ; 
use of in chemistry, in fixing atomic 
weights, 1223, historic instances of same, 
1225-1228 

Isomorphous, limitation of term, 766 ; series, 
384 ; author’s definition of, 1232 
Isostnicture of ?ubidium and ammonium 
salts, 499 

Isothermal conductivity ellipsoid of crystals, 
1296 

Isotopes, 770, 771 ; Aston’s work on, 777 ; 
table of, 778 

Isotropic crystals, 830 ; media, 802 

Jaeger and Haga, X-radiograras, 705 
Jaeger, F. M., complex comiwimds with 
large optical activity, 1280- 1284; 
diftereutly “coloured” X-radiations, 651 ; 
essential condition for existence of optical 
antipodes, 1279 ; ethyl sulphates of rare 
earths, 1245 ; spot patterns of X-radio- 
grams, 706, 707 ; table of large mole- 
cular rotations, 1282 

Jaggar’s microsclerometer, 539, 1168-1171 
Jannettaz, <letermination of heat conduction, 
1293, of hffimatite, 1295 
Jeans, J. H., on atomic structure, 764 
Jellett’s calcite double prism, 866, 1089 
Joly, researches on ionium, 765 ; on 
pleochroic haloes, 1127-1130 
Jordan, groups of movements, 664, 668 

Kelvin, Lord, importance of space-lattice, 
1417 ; the tetrakaidokahedron, 146, 667 
Kipping and Pope, psendo-raceinism, 1278 
Klein’s universal stage, 1162 
Knipping, X-ray experiment, 642 
Koch, interference apparatus for measure- 
ment of bending, 1336 
Kolilrausch, formulie formodulusof elasticity, 
1334, 1335 ; total reflectometer, 1017-1019 
Konigsberger’s niicrophotometer, 1128, 1127 
Krantz, models of curves of equal velocity, 
1202 

Kreutz, formula for crossed-axial-plane dis- 
persion, 1062 ; heart-shaped calcite twin, 
504 ; sylvine crystals from Kalusz, 167 
Krypton, diameter of outer shell of electrons, 
716 

Kundt, piezo - electric researches, 1397; 
powder for testing pyroelectric charges, 
365, 356, 1394 

Labile and metastable solutions, 21 ; diagram 
o&conditious for, 24 

Lsevo tartaric acid, isolation of, by Pasteur, 
1276 

Lamellar structure and optical anomaliw, 
1144 
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Lamp, goniometer, 86, 89 
Lang, ^n, 127, 661 ; experiment with 60“ 
quartz prism, 1081 ; measurement of 
frotation of quartz, 1098 
, Large crystal*, how to grow, 14 
Larmor, 764 

Laue, M. von, apparatus for X-radiograms, 
646, diagram of same, 645 ; discovery of 
diffraction of X-rays by crystals, 642 ; 
early radiograms, 644 > radiographic 
method of X-ray analysis and its restric- 
tions, 664 * 

Laurent half-shadow plate, 1089 
Lavender fog, 1139 

Law of atomic diameters, 711 ; of inverse 
squares, 795 ; of progression in isomorphons 
series, 381, 383, and Moseley’s law, 744, 
766, connection with law of atomic dia- 
meters, 746 

Lead dithionate, rotation angle of, 1109 
Lead, isotopes of, 770, 771 ; protective 
screens in X-ray work, 652 ; structure of 
(Vegard), 678 

Le Bas, molecular volumes of paraffins, 742, 
743 

Lebedew, production of short electromagnetic 
waves, 756 

Lees, C. H., absolute heat conductivity of 
calcite, mica, quartz, and rock-salt, 1300, 
1301 

Lefebvre, 21 

Lehmann, 0., beatingmicro8cope,117l,ll72, 
1406, 1407 ; liquid crystals, 4, 671, 
1406, 1408, 1416 ; views regarding astatic 
molecules, 1417 

Lengths of crystal axes, relative, 73 
Leucite, 162 

Lewis- Langmuir theory of atomic structure, 
716, 716, 780, and law of atomic diameters, 
716, 780 ; relation to Bohr-Sommerfeld 
theory, 782 

Liebisch, table for stauroscopic correction 
angle, 986 ; total reflectometer, 1024- 
1027, conditions for determinations by, 
1023, principle of, 1026 
Light, bearing of recent discoveries on nature 
of, 768 ; electromagnetic theory of, 753 ; 
intensity of, 795 ; nature of, 751-758 ; 
summary of results of recent researches 
concerning, 791 ; velocity of, 757 
Light waves, characteristics of, 792 ; diagiara- 
matic representation of, 793 ; rectilinear 
prop^ation of, 794 ; terminology of, 792 
Limiting curves of total reflection, 1017, for 
calcite, 1032, projection and photography 
of, 11031 

Limits of angular differences in isoraorphous 
series, 384, 1232 

Linck, G,, suggestion of terra eutropism, 
883, 1232 

Lippmann, piezo-electric researches, 1397 
Ljquid’ crystals, 4, 1406-1417 ; discovery by 
Reinitzer, 1406 ; explanation of, 1414, 
1415, 1416 ; final conclusion as to nature 


of, 1416 ; nature of; 1406, 1408, 1409, 
1413, 1416 ; researches on, by Lehmann,* 
J406, in magnetic field, 1409 ; test for 
sp^e-lattice by X-rays, 1416 
Liquid of same refractive index as crystal, 
production of, 1039 

Liqiiids, set of, of known refractive index, 
1186 ; optical rotation of some ujfisful, 
1091 

List of forms in class 1, 280 ; class 2, 278 ; 

class 3, 257 ; clas%.4, 266 ; class 6, 262 ; 

class 6, 230 ; class 7, 228 ; class 8, 227 ; 

^ class 9, 207 ; class 10, 206 ; class 11, 

204 ; class 12, 203 ; class 13, 201 ; class 
14, 200; class 15, 197; class 16, 360; 
class 17, 368 ; class 18, 353 ; class 19, 
350 ; class 20, 347 ; class 21, 344 ; class 
22, 337 ; class 23, 311 ; class 24, 310 ; 
class 25, 308 ; class 26, 307 ; class 27, 
304 ; class 28, 169 ; class 29, 167 ; class 
30, 165 ; class 31, 159 ; class 32, 164 
Lithium line, wave-length of, 798 
Loomis, F. W., isotopes of chlorine, 779 
Lord Kelvin, the tetrakaulqkahedron, 146, 
567 ; importance of spacedattice, 1417 
Lorentz, theory of, and si/ctral resolution, 
788 ' 

Lowel, crystallisation of sodium sulphate, 18 
Lownds, conductivity for heat of bismuth, 
1295 

Luminescence, 1130 ; chemical, 1131 ; of 
infusoria and fishes, 1131 ; crystallo-, 
1136; electro-, 1136; thermo-, 1184; 
tribo-, 1135; X-ray, 1137 
Luminous paints, 1131 • 

Lunimer-Gelircko plate, 786, 787 
Lyoluminescenee, 1136 

MacCullagh, 754, 768, 872 
Macro-pinakoid, 226 
Magnesite, structure of (Bragg), 681 
Magnesium, structure of (Hull), 693 ; oxide, 
structure of (Bragg), 718 ; platino- cyanide, 
absorption brushes of, 1119, fluorescence 
of, 1141, ploochroism and sheen of, 1117, 
surface colours of, 1121 ; sulphate of, 
137, optical rotation of, 1111 
Magnetic detector, 766 ; induction in crystals, 
1399-1405, and symmetry, 1401, in 
isotropic crystals, 1401, in uniaxial 
crystals, 1401, in biaxial crystals, 1402 
Magnetite, 145 ; electrical conductivity of, 
1884 ; history of name, 1404 ; magnetism 
of, 1404 ; structure of, Bragg and Nishi- 
kawa, 676 

Magnus, Albertus, 3 ^ 

Main, Dr., viscosity of ice, 649 
Mallard and Wright’s method of determining 
optic axial angles, 1206 
Malus, law regarding extinction directions 
in uniaxial crystals, '897, 1209 
llarbach, thermo - electric properties of 
pyrites, 1389 

Marcelin, crystal growth, 80 ‘ . • 
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Matteuci, electrical conductivity of bismuth, 

• 1384 • 

Maximum angular differences in simple ^d 

double sulphates and selenates, 384, 385 
McConnell and Kidd, glacier movement#, 
649, 650 

Mean values of angles, when legitimate, 116 
Mealhrement of crystal angles, 50-69 ; at 
higher temperatures, 437-443 
Measuring stage of microscope, 1148, 1154 
Mechanical stage for in^roscope, 1151, 1154 
Median lines, 879, 887, 888 ; dispersion of, 
926-930 ; determination of latter, 1048- < 
1062 

Meea, Dr., colour screens, 1113 
Melloni, on diathermancy, 1287, 1292 
Mendel^eiTs periotlic law, 766 
Mercuric iodide, polymorphism of, 1260 
Mercury lines, wave-lengths of, 798 ; resolu- 
tion of, 788 ; use of green line in inter- 
ferometry, 1318 

Mercury vapour-lamps, 971-973 
*M6r de Glace, dirt bands of, 549 ; motion 
and visco8it]Mf, 648-650 
Merton, T. R.7773, 786 
Mesothorium, i;'^71 ; II., 771 
Metallography, 554, 556 
Metals, crystal grain structure of, 554, 
966 ; crystal growth in, 957 
Metamerism, 1257 
Metastable limit, 21 ; solutions, 21 
Meteorites, elements in, 776 
Methylene iodide, density of, 635 ; refractive 
index of, 810 ; use of, in refractive index 

• determinations, 1018 ; in Retgers’ density 
method, 635 

Methyl salicylate, refractive index of, 810 
Methyl triphenylpyrrholone, 110, 111, 432 ; 
crystal of, 98, 432, 603 ; construction of 
stereographic projection of latter, 98, 99 ; 
drawing of axes of, 427 ; formula, forms, 
and elements of, 278, 1270 ; twin of, 503 
Metre, evaluation of, in wave-lengths, by 
Michelsou, 1368-1873; by Fabry and 
Perot, 1378-1381 

Mica, muscovite, circles of graduated thick- 
ness of, in polarised light, 908 ; cleavage 
of, 523 ; crystal of, 623 ; dielectric 
constants of, 1392 ; electroluminescence 
of, 1186 ; Haidinger interference rings in, 
1381-1383; optic axial interference figures 
of, 624, 922, 923, Plate IV. facing 
p. 920, of ;J-wave plate of, 911, of 
j^-wave plate of, 923, of J-wave, 1-wave, 
and 2-wave plates of, 924 ; percussion 
figure of, ^25 ; pressure figure of, 631 ; 
24-sector-plate for indicating optical rota- 
tion, 1103 • 

Michelson, A. A., determination of cadmium 
i wave-lengths in metre, 1368-1373 ; echelon 
spectroscope, 786, * 787 ; gratings, 786; 
interferometer, 1366-1368, 1374, 1375^ 
researcj^e^ on Zeeman effect, 785-787 
Mksroliths'of piflbhstone, 28, 29 


Micron, a, symbol fi, the one-thousandth of 
a millimetre, 827 (ju= 1/1000 ram. «= 0*001 
mm.; the milli-micron 1/1,000,000 
ram. =0*000001 ram.) t 

Microphotoraeter of Konigsberger, 1 1 26, 1 127 
Microsclerometor of Jaggar, 639, 1168-1171 
Microscope, the Dick, 1148-1166 ; the Fuess, 
1165, 1166 ; Lehmann’s heating, by Steeg 
and Reuter, 1171, 1172, by Zeiss, 1172, 
1407 ; meosvring, of elasmometer, 1344 
Microscopic measyroment of crystal angles, 
1176 ; of optic axial angles by Miers’ 
method, 1203 ; of refractive indices, 1177- 
1188, by Sorby’s method, 1177-1183, 
by immersion method, 1183, by Becke- 
line method, 1186 ; optic axial angles by 
Mallard and Becke’s method, 1206-1211, 
by Fedorov’s iiietliod, 1214-1216 
M icrospcctroscope, 1167 
Miers, Sir Henry A., 21 ; form of cuprite, 
167 ; fundamental propositions of gno- 
monic projection, 479 ; importance of 
space-lattice, 1417 ; researches on crystal- 
lisatioii from solution, 21-24 ; researches 
on pyrargyrite and proustite, 477, 478 ; 
on vicinal faces, 388, 389 ; signal-slit, 
44 ; stage goniometer, 1149, 1150, 1165 ; 
student’s goniometer, 44-48 ; suspended 
goniometers, 391-394, 1019, 1020; and 
Pope, Sir William, research on sobrerol, 
1278 

Miller and stereographic projection, 105 ; 
system of crystallographic description, 76 ; 
symbols of Weiss and, mutual conversion 
of, 78, 79; two-circle goniometer, 449 
Millerun indices, 76 ; notation, 76, 76 ; 
stereographic projection of trigonal forms, 
339 ; trigonal axes and axial planes, 329, 
330 

Mimicry of higher symmetry by twinning, 
511 

Minimum deviation, 816 ; measurement of, 
in refractive index determinations, 996- 
1000 

Mirror-image symmetry, 131 ; and point- 
systems, 565 

Mitscherlich, 8, 1221 ; experiment with 
gypsum, 1067-1Q76 ; limitation and precise 
definition of law of isomorphism, 8, 884, 
1223, 1244; work on vitriols, 1222, 
aragonite and calcite, 1222, monoclinic 
double sulphates and selenates with 6HgO, 
1222, selenic acid, 1222, chromates, 
manganates, perchlorates, and permanga- 
nates, 1223, alteration of angles by change 
of temperature, 1223, 1303 • 

Mixed crystals, explanation of, 1247 ; 
nature of, 1248-1251 ; of ammonium and 
rubidium salts, 739 ; Wul!^ and Barker’s 
ccAfirmatory results, 739 ; X-ray analysis 
of, by Vegard and Schjelderup, 1248, 
1250, by Riune, 1251 • 

Modelling apparatus, Goldschmidt’s crysttd, 
489-491 • 
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Models %{ crystals, constructed by Miss 
Hostjji, 492, 493 ; apparatus for making, 
of V. Goldschmidt, 489, of Stdber, 491 
Ifcxlulus of elasticity, 1334 ; of torsion, 
1848 • 

Mohs’ scale of hardness, 535 
Molecular directive force, 1416, 1417 
Molecular dispersion, 1018 ; optical con- 
stants, determination of, 1012, 1018 ; 
refraction, 1012, in solution, 1014-1016, 
of alkali sulphates and selenatea, 1016 
Molecular distance ratios, ^iO, 679, 589, 690 ; 
calculation of, 591-599, 639 ; formulae 
for general case, triclinic, 590, for mono- 
clinic, rhombic, tetragonal, and cubic 
crystals, 591, for trigonal and hexagonal 
crystals, 692, for pseudo-hexagonal crystals, 
694-596, for rhombic space- lattice, 691, 
693, 594 ; germ crystals and, 20 ; of 
alkali sulphates and sclenates, 641 ; 
parallel growths and, 498 
Molecular volume, 681, 582 ; calculation of, 

639 ; of alkali sulphates and selenates, 

640 

Molecules, persistence of, in solid-crystal 
state, 696, 700, 709-711, 1417 
Monobromouaphthalene, refractive index of, 
810 ; use of, in optic axial angle measure- 
ments, 1037, 1038 ; in refractive index 
determinations, 1018 

Monochlorobenzene, refractive index of, 810 
Monochromatic liglit, production of, 836, 
969-973 ; spectroscopic illuminator, 959- 
966 ; calibration of latter, 963 ; wave- 
length spectroscope (Ililger) adapted as 
illuminator, 965-968; Wulfing-Fuess 
modification of illuminator, 968, 969 ; 
X-radiations, 661 

Monoclinic axes, construction of, 424 ; bi- 
pyramid, 251 ; clinodomal prism, 251 ; 
doraal class, 256 ; orthotiomal prism, 252 ; 
pinakoids, 250 ; prism, 251 ; prismatic 
(holohedral) class, 248 ; sphenoidal class, 
264 ; sphenoids, 254 ; symmetry, recogni- 
tion of, 254 ; system, 137, 247*257 
Moore, R. W., growth of large crystals, 14 
Morphological investigation of a crystal, 
what it includes, 114 
Morphology, derivation of term, 1237 
Morphotropy (isogonism), 1266 
Moseley's law, 744-746, 769 ; his researches 
on high - frequency spectra, 745, 769 ; 
truth of law proved by direct measure- 
ment (Chadwick), 746 ; its explanation 
of crystallographic progression in iso- 
mosphous series, 746 
Mother-of-pearl, colours of, 827 
Muthmann, W. , topic axial ratios, 689 ; 
work on rtSkali permanganates, 1246, 
1254 • 

Napier’s rules for the solution of right-angled 
spherical triangles, 107, 108 
Native metals, crystal clas|i of many, 165 


Naumannlan symbols of crystal faces, 79-88 
Ndbulium, 776 

Needle-shaped crystals of calcium sulphate, 
27 

Negative biaxial crystal, 882, 887 ; uniaxial 
crystal, 830, 831, 836 
Neocole manite, 487 

Neon, diameter of outer shell of electrofs of, 
716 ; wave-length of yellow line of, 798, 
1818, use of this radiation in interfere* 
metry, 1318 ^ 

Net, stereograph ic, 104 
» Newlands, law of octaves, 766 
Newton’s rings, 890-894 ; conditions for, 
891-893 ; orders of colours and spectra, 
891, 906, 907 ; thicknesses of air film for 
the different rings and spectra, 892-893, 
table of retardations for three rings, 898 . 
Nickel, structure of (Bohlin), 678 ; sulphate 
with 6 H 2 O, paramagnetism of, 1402 ; 
group of double sulphates and selenates, 
molecular volumes ami topic axial ratios 
for, 1287 

Nicol prism, 845-850, 859 ; ^instruction of, 
845-848 ; mounting of, 859 ; passage of 
light through, 846 ; pla/fe of polarisation 
of, 806, 807; theory of, 847; trimmed and 
square-ended, 850 ; useful angle of, 848 ; 
vibration direction of, 806, 842, 843, 848 
Nikitin’s hemisphere, 1217, 1218 
Niobium (columbium), atomic weight fixed 
by isomorphism, 1226 
Nishikawa, distances of oxygen atom in 
ruby-spinel and magnetite, 677 
Niton, researches on, by Sir William Ramsa;^, 
763, 770 ; isotopes of, 770 
Nitre, optic axial angle of, 1057 
Norremberg’s doubler, 986-988 

Oblique rectangular prism, 250 ; pyramid, 
262, 263 

Obsidian, polarising angle of, 818 ; refractive 
index of, 809 

Octahedron angle, calculation of, 149 ; draw- 
ing of, 401, 402 ; the, 146 
Ogg, Prof., and F. L. Hopwood, absolute 
dimensions of cells of rhombic alkali 
sulphates, 703, 1248 ; confirmation of 
isostructure of rubidium and ammonium 
sulphates, 704, 743 ; X-ray analysis of 
alkali sulphates, 661, 700-704 
Oil of cassia, of cinnamon, and of cloves, 
refractive indices of, 810 
Oleate, ammonium, liquid crystals of, 1406, 
1409, 1410 

Onyx, 1266 * 

Opacity, 1113 

Optic axes of biaxial crjfstals, 866 , 870, 879- 
882 ; primary and secondary, 868 , 870, 
881, 883 

Optic axial angle, app^atus for measurement 
» of, 1040-1047 ; at higher temperatures, 
1043-1044 ; determination of, a 036-1047 ; 
determination of, under iiiicros^o*pe, 1201 * 
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1217; goniometer, larger Fiieaa, 1040; 
^ goniometer, universal apparatus of* von 
Groth, 1044-1047 ; microscopic m^od 
of determining by Miers stage goniometer, 
1203-1205, by method of Becke, 12fl7- 
1211, by method of Mallard and Wright, 
1206-1207, by method of Collingridge, 
f211, by method of Fedorov with uni- 
versal stage, 1214-1216 ; table of sub- 
stances with grailation of, 1067 
Optic axial angles, ta]|^e of some useful, 1057 
Optic axial rings and brushes, 917-925 
Optic axis of uniaxial crystal, 831 ; q 4 
biaxial crystal, adjusted to spider-lines 
for measurement of optic axial angle, 
923, 1037 

Optic binormals, 881, 883 
Optical anomalies, 1143 ; due to isomorphous 
admixture, 1144, to lamellar structure, 
1144, to strain, 1143 

Optical constants of crystals, summary of 
operations for determination of, 834, 835 ; 
investigation, three main operations of, 
760, 884„^36 ; rotation and double re- 
fraction, di^riraination between colours 
afforded by^ll05; rotation oblique to 
axis of uniaxial crystals, 1110 
Optical rotation, determination of, 1086, 
1087 ; different conventions of physicists 
and chemists, 1082 ; spectroscopic method 
of determining, 1096 ; list of cubic, tetra- 
gonal, hexagonal, and trigonal substances 
with amounts of rotation, 1109, of biaxial 
substances, 1110, 1111 

• Optically active substances, 11 classes of 
crystals furnishing, 1272 
Order of dimensions of X-rays and atoms, 
643 ; of interference colours in relation to 
thickness of crystal plate, 906; of Newton’s 
rings, 890 ; of X-ray spectra and com- 
position of atomic plan&s, 657-659 
Ordinary and extraordinary rays of uniaxial 
crystals, 831, 836, 840, 844 
Oriental amethyst, emerald, and topaz, 345 
Orthoclase felspar, hardness of, 536 
Orthogonal projection, 399, 470 ; of cole- 
manite, 471 ; of idocrase, 486 ; of topaz, 
470 

Orthographic or orthometric projection, 399, 
470 

Orthopinakoid, 249 

Orthoprisms or orthodomal prisms, 252 
Orthorhombic system, characteristics of, 137, 
223 ; stereographic projection of 3 classes 
of, 223 

Ostwald, W., metastable and labile condi- 
tions of supersaturation, 21 
Over-crystallisation, 17 
Overgrowths, explanation of, 1247 ; of zinc 
and magnesium sulphates and of alums, 
1261 * 

Oxley, A. K, magnetism and atomic struc- 
ture a8*afforded by X-ray analysis, 1404, 
. 140 ^* • 


Packing of equal spheres, cubioi and hexa- 
gonal, 734 ; two forms of latterM734 
Palladium anticathode, wave-length of X- 
rays from, 643, 653, 665 • ' 

Para-azoxy-anisol, liquid crystals of, 1410, 
1412; -ozoxy • benzoic acid, esters of, 
1410, 1411 ; -azoxy-ciunamio acid, esters 
of, 1410 ; -azoxy - bromocinnamic acid, 
esters of, 1410, 1411 ; -azoxy-phenetol, 
1410 • 

Parallel growth^ 497 ; Barker’s researches 
on, 498 ; explanation of, 1247 ; of alum, 
498 ; of sodium nitrate on calcite, 499 ; 
of sulphates and selenates, 499 
Parallel plate, of crystal, preparation of, 
937 ; of glass, passage of light through, 
805 

Parallclepipedon, elementary, of space- 
lattice, 557, 589 

Parallelohedra of Fedorov, 667, 722, 723 
Paramagnetism or diamagnetism, apparatus 
for determining, 1400 

Parameters, 72-73 ; intercepts, and indices, 
general relations of, 77 
Parametral fourth face, 71-73 
Particles, a-, 762 : their passage through 
atoms, 766 ; /3-, 763 
Parting or pseudo-cleavage, 634 
Pasteur, 20 ; his law, 1276 ; researches on 
tartaric acid, 256, 1274 
Pedion, a, 69, 201 

Pendulum exiHriment illustrating circular 
polarisation, 909 

Penfield, stereographic projection, 63, 108, 
105 ; drawing of crystals by aid of latter, 
400, 433 

Peuicillium glaucum, use of, by Pasteur to 
isolate Inevo tartaric acid, 1277 
Pennine, pleochroism of, 1116 
Pentagonal dodecahedron, the, 163 ; angles 
of, 164 ; calculation of angle of {210}, 
188 ; -icositetrahedron, the, 166, 167 ; 
two varieties of, 166, 167 
Penumbra of shadow, 795 
Perchlorates, alkali, Barker’s researches on, 
1246 ; morphological constants of, 1254 
Period of light vibrations, 793, 794 
Periodic law of chemical elements, 766 ; 
table, 768 

Permanganates, alkali, morphological con- 
stants of, 1254 ; Muthmanu’s researches 
on, 1246 

Perrin, researches on cathode rays, 759 ; on 
fluorescence, 1141 ; on thickness of block 
spot of soap film, 896 

Perrot’s adjusting apparatus for Sorit total- 
reflectometer, 1022; researches on con- 
ductivity and thermo-electric properties 
of bismuth, 1295, 1387-1^89 ; on refract- 
ive indices of double sulphates, 1022 
Pfafifs method of determining hardness, 638 
Phase of light vibration, 798; half-wave- 
Icngtb change of, due to glass surnme, 
892, 895, du| to Nicol analyser, 896 

• 
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Phenacite, f spot-pattern of (Jaeger), 706, 
708. 0 

^Phosgenite,* fluorescence of, 1140 
Phfiiphates, amraoniura and potassium dihy- 
drogen, 200 ^ 

Phosphorescence, 1131 ; and fluorescence, 
1133 ; of diamond, 759, 761 ; of fluor- 
spar, 761 ; of luminous paints, 1131 ; 
of phosphorus, 1131 ; of sulphides of 
barium and calcium, 761;* of zinc sul- 
phide, 761 o 

Phosphorus, refractive index of, 810 
Physical isomerism, discovery by Pasteur, 
1274 

Picrates of iron and manganese, crossed- 
axial-plane dispersion of, 1059, 1060 
Piezo-electricity, 1395 - 1399 ; method of 
observing, 1396 ; proposed use of inter- 
ferometer for, 1399 ; summary of re- 
searches on, 1397, 1398 
Pinakoid, 69, 69 ; first, second, and third 
varieties, 226 
Pitchblende, 762, 773 
Pitchstone of Arran, 29 
Planck’s constant, 764, 775 
Plane of polarisation, 799, 806 ; convention 
concerning, 806 ; of Nicol prism, 806 
Plane surface, to cut, grind, and polish, 937, 
940, 947 

Planes of alternating symmetry of Curie, 
566 ; of atoms in crystals as reflectors of 
X-rays, 649, 660 ; of symmetry, 66, 69, 
129 

Plasma, 1265 

Plate, parallel-surfaced, preparation of, by 
cutting-and-grinding goniometer, 937 
Plates of doubly refracting crystals in 
polarised light, 900 ; relation of thickness 
to order of interference, 906 
Platinocyanides, of potassium and barium, 
fluorescent X-ray 'screens of, 761 ; of am- 
monium, barium, magnesium, potassium, 
and yttrium, 1117, 1119, 1120, 1121, 
1132 


Platinum-iridium tripod, and three modes 
of use in thermal expansion determina- 
tion, 1312 ; its expansion, 1326 

Pleochroic fluorescence, 1139, 1140 ; haloes, 
.1127 

Pleochroism, 807, 1112, 1115 ; of tourma- 
line, 807 

Plticker, positive and negative magnetic 
crystals, 1403 

Pockels, formula for crossed-axial-plane dis- 
persion, 1061, 1062 ; formula for specific 
rotal^, 1081 

Pocklibgton, investigation of rotation of bi- 
axial cane sugy and Seignette salt crystals, 
1110 ^ 

Points, a crystal as an assemblage of, 6o6, 
658. 


Poiceuille’s equations for viscosity, 660 
Polar tryst^l classes, pyroelectric properties 
of, 1398 o 


Polar symmetry, definition of, 130 
Polarimeters for optical rotation of liquids, 
1090 ; Landolt’s and Lippich’s half- 
shadow devices for, 1094 ; of Hilger, 
1093 ; of Schmidt and Haensch, 1094, 
1095 ; of Soleil, 1096 

Polarisation of light, 798, 799 ; by reflec- 
tion, 806 ; plane of, 806 ; plane, 7f9 ; 
circular, 801 ; elliptical, 801 
Polariscope, projection, 863 ; table, 864 ; 

two tourmalines as,«fl08 
Polariscopical goniometer, 1040, 1045 
jPolariser, 808 

Polarising angle, 806 ; relation between re- 
fractive index and, 817 ; table of, for 
diamond, glass, and water, 818 
Pole, facial, 63, 65 ; of projection, 64 
Polonium, 762, 771 
Polyhedra, the five regular, 164 
Polymer ism, 1257 

Polymolecular grosser unit of crystal struc- 
ture, 660 ; its proof by X-rays, 661 
Polymorphism, 1255 ; nature of, 1266-1259 ; 
distinction from isomerisiur ■ by thermal 
microscope, 1258 ; Sidgwick’s method, 
1263 A 

Polymorphous phases, conversion of one 
into another, 1261 

Pope, Sir William H., and Barlow, W,, 
valency volume theory of, 733-744, equi- 
valence parameters, 740 ; statement of 
theory, 734 ; and Kipping, 1278 ; and 
Miers, 1278 ; and Perkin, 1280 
Porcelain hemisidiere of Nikitin, 1217, 1218 
Porter, Miss M. W., 454, 489 ; clino^aphic * 
drawing of idocrase from gnomonic pro- 
jection, 484-486 ; magnesium group of 
double chromates, 1246 ; and Barker, 
T. V,, description of Fedorov’s setting 
symbol, 730 ; examples of Fedorov’s 
methods, 728 

Positive biaxial crystal, 832, 887 ; uniaxial 
crystal, 830, 831, 836 
Potash alum, Plate II. facing p. 154, 166 
Potassium and chlorine, mode of combina- 
tion on Lewis- Langmuir theory, 716, 781 
Potassium antimonyl tartrate, crystal of, 230 
Potassium bichromate, metastable and labile 
crystallisation of, 26 

Potassium chloride, combination of atoms of, 
on Lewis-Langmuir theory, 716, 781 ; 
crystal structure of, as determined by X- 
rays, 656 ; nature of space - lattice of, 
656 ; pentagonal icositetrahedral crystals 
of, 167 ; spacing of planes of atoms of, 
656, 668; spacing reciprocals, ifatioof, 669 
Potassium cobalt selenate, optic axial angle 
of, 1057 

Potassium cobaltinitrite, crystallites of, 27 
Potassium cobalti - trioxalate, dextro and 
laevo crystals of, 12S3 ; extremely large 
optical rotation of, 1284 
Potassium copper selenate, optic Ixi^l angle 
of, 1057 • ■ 
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Potassium copper sulphate, optic axial %ugle 
of, 1067 

Potassium dihydrogen arsenate and phos- 
phate, 200, 1221 ’ , 

Potassium dithionate, rotation angle of, 
1109 

Potassium ferrocyanide, paramagnetism of, 
T403 

Potassium lines, wave-lengths of, 798 

Potassium lithium sulphate, rotation angle 
of, 1109 « 

Potassium magnesium sulphate, crystal ol^ 
261 ; and selenate, optic axial angles ol^ 
1067 

Potassium nickel sulphate, crystal of, 260 ; 
etched figures of, 1200 ; and selenate, 
optic axial angles of, 1057 

Potassium nitrate, optic axial angle of, 1057 

Potassium platinocyanide, sheen of, 1132 

Potassium selenate, angles of, 382 ; axial 
ratios of, 383, 641 ; density of, 641 ; 
molecular distance ratios of, 641 ; mole- 
cular volume of, 641 ; triplets of, 613, 
614 • 

Potassium su^hate, angles of, 114-126, 
382 ; axial ties of, 383, 641 ; calcula- 
tion of angles of, 114-124 ; calculation of 
ratio of axes of, 124, 125 ; cleavage of, 
628 ; crystal of, 3, 6, 51, 227 ; crystal 
structure of, 680 ; crystalloluminescence 
of, 1136 ; cubical expansion of, 1327 ; 
determination of density of, by pykno- 
meter, 632 - 634 ; density by Retgers’ 
method, 638 ; diamagnetism of, 1403 ; 
dispersion of optic axes at different tem- 
peratures, 926 ; growth of crystals of, 
60 ; linear expansion of, 1323, 1324, 
1327, 1329 ; measurement of angles of, 
55-62, 67, 68 ; molecular distance ratios 
of, 641 ; molecular volume of, 641 ; optic 
axial angle of, 1057 ; pseudo-hexagonal 
structure of, 676, 595, 640 ; pseudo- 
symmetrical polysymraetry of, 1263 ; 
solubility of, 60 ; stereographic projection 
of, 66-67, 116 ; structure of, by X-rays 
(Ogg and Hopwood), 700, dimensions of 
cell-edges, 643, 703 ; table of angles of, 
126 ; thennal expansion, determination 
of, 1823, 1327, 1329 ; triplet of, 511-513 ; 
type of homogeneous structure of, 676 
^otassium tetrathionate, crystal of, 257 
Potassium zinc sulphate, optic axial angle 
of; 1067 

^azmowski-Hartnack prism, 851 
’reparation of measurable crystals, 6, 10, 
11,26,29 

’reston, spectral series and Zeeman effect, 
789 • 

’riraary optic axes, 881, 883 ; unit form, 
73, 76 . 

‘riraitive circle, 64 

*rism, Ahrens’, 862 ; Bertrand’s, 863*8^ | 
Dova’|,*81^ 865; erecting, 812, 818; 
• Pou^ult’s, 860 ; Olan-Foucanlt, 861 ; 


Jellett’s, 866, 1089 ; Nicol, 84^-848, 869; 
Prazmowski-Hartnack, 86) ; rigSt -angled, 
812 ; Thompson’s, 851, 862 ; to prepare^ 
a 60“, 937 * 

Prismatic, 69 ; liquid cryatafs, 1410 
Prisms, preparation of 60°, by cutting-and- 
grinding goniometer, 987 ; of uniaxial 
crystals, three modes of cutting, 839 ; 
of 30‘’-35'’ with one piimkoid face, 1008 
Progression of angles and physical properties 
in isomorpho«s series, 8, in alkali sul- 
phates and seleuates, 1231, in eutropic 
series, 1237-1239 

Progressive change in double refraction of 
potassium, rubidium, and caesium salts, 
1240, in habit of double sulphates aud 
selenates, 1241, in rotation of optical 
ellipsoid of same, 1240, in cubical thermal 
expansion of alkali sulphates, 1241 
Projection aud photography of limiting 
curves of total refiection, 1031 
Projection, clinometric or clinographic, or 
parallel perspective, 398, 486 ; giiomonic, 
468 ; orthometric, orthographic, or ortho- 
gonal, 399, 470, 471, 486 ; spherical, 63 ; 
stereographic, 62, 69, 96 
Projection eyepiece, 1160; microscope, 
1173-1175 ; polariscope, 862-864 ; latter 
arranged for convergent light, 1071-1073 ; 
same for parallel light, 862-864 
Propagation of light, 801, 804 
Propyl triphenylpyrrholoue, dimorphous 
forms of, 1271 

Protractor of Hutchinson, 101-103; of 
Herbert Smith, 481, 482 
Proustite, Miers’ researches on, 477, 478, 
1246 ; crystal and gnomonic projection 
of, 477, 478 

Prout’s theory revived, 775 
Pseudo-hexagonal symmetry of potassium 
sulphate, 67, 695 ; space-lattice, 596 ; 
molecular distance ratios for latter, 696 
Pseudo-rocemism, 1277 ; defined by Kipping 
and Pope, 1278 

Pseudo-symmetrical polysymraetry, 1268 
Pulfrich total reflectometer, with cylinder, 
1027, 1028 ; thermal dilatometer, 1806 
Pulsation-cell theory of Beilby, 663 
Pyknometer for density determinations, 
626 ; method of density determination, 
626-632 ; practical example of latter 
with potassium sulphate, 632-634 
Pyramid of parallelopi pedal blocks, as struc- 
tural units of crystal, 567 
Pyramidal, 69 

Pyrargyrite and proustite (Miers), 4/7-479 ; 
action of light on, 477 ; angles of, 477, 
479 ; crystal of, 477 ; jjpomonic projec- 
tion of, 478 ; Miers’ researches on, 1246 ; 
streak of; 479 

Pyrites, iron, coefficient of expansion of, 
1329; determination of elasticity by 
elasmometer, 1346-1347 ; calculatidns for 
latter, 1348 1 elasticity surface pf, 1388 ; 
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striationS of, 162, 164, 166 j structure of 
(Bragg^i 674, 676, 716, model of, '716; 
thermo-electric properties of, 1389; twin 

<S, 606 

Pyro-electricit/, 1893-1396 ; and symmetry, 
•1393 • ’ 

^iPyrolusite, dentritic, 28 
Pyrrhotite, magnetism of, 1404 

r 

Quarter- wave mica plate, '801, 909-914; 
ijetermination of direction of circularly 
polarised ray in, 913 ; interference figure 
given by, 911 ; mounting and marking of, 
912, for projection purposes, 913 ; use 
,.®f, 913 

Quartz, 3, 138, 354 ; Airy’s spirals afforded 
by, 1102 ; angles of, 371 ; as practical 
« example ■ of trigonal crystals, 362-371 ; 
a and ^ varieties, 1264, and their mutual 
conversion, 1266 ; bands by scattering 
%iul rotation (Lord Rayleigh), 1106, 1107 ; 
^Brazilian twins of, 506, 607 ; brilliant 
, polarisation colours of, in rock sections 
* (thin plates), 903 ; cavities in, 154 ; co- 
efficient of thermal expansion, 1329 ; colour 
phenomena due to optical activity, 1101, 
with plates 3*76 and 7*5 min. thick, 1082, 
1088 ; crystals of two varieties of, 356 ; 
discrimination of rotation and double re- 
fraction colour, 1105 ; drawing of crystal 
of, 419, 420 ; etched figures of, 355, 356 ; 
hardness of, 586 ; high conductivity for 
heat of, 1301 ; interference figure afforded 
by 1-mm. plate, 1101, by 3*76 mm. plate, 
1101, by superposed right and left 
3*75-mm. plates (Airy's spirals), 1102; 
Laue X-radiograin of, 646 ; measured 
crystal of, 363 ; measurements of latter, 
863-366, calculations of angles for same, 
866-370, table of results, 371 ; plates cut 
from twins of, phenomena in parallel 
polarised light, Plate VIII. facing ps^je 
1086 ; passage of sound waves through, 
1337 ; piezo-electric properties of, 1396 ; 
pyro-electric properties of, 365, 366, 1395; 
refractive indices and double refraction of, 
836, 844 ; determination of rotation angles 
o4 by Broch, 1097, by von Lang, 1098, by 
Boret and Saiasin, 1098, by Lowry, 1100, 
table of combined results for, 1100 ; 
Sohncke's and Barlow's two enantiomor- 
' phoua point • systems for, 676 *, stereo- 
' graphic projection of, 363 ; stnicture of 
(Braffi), by X-rays, 683-686, arrangement 
of tfil silicon and oxygen atoms, 686 ; 
train, value of, in ultra-violet spectroscopy, 
1183 ^ twins, 606, 607 ; wedge, 914, 
seven orders ()f spectra afforded by it in 
parallel polarised light, 916, me Ad 
mounting of it, 916, double M^cdge of 
Kvaus, 1192 
Quartflne, 1264, 1265 
QuercitoV optical rotation of|; 1111 


Quii^cke, foam-cell hypothesis, 551, 552 
Quinine, fluorescence of^ 1133 ; luminescence 
o;PJ on cooling only, 1135 

Racemic acid, 1274, 1276 ; external com- 
- pens^tion in, 1275 ; separation into enfntio- 
morphs of sodium ammonium salt, ^0, 
1276 ; compound, definition of, 674 
Racemism, 1277 ; molecular combination of 
optical antipodes, 1277 
Radial crystal aggregafss, pleochroism, 1120 
Radio-active change, law of, 770 
l^dio-activity, discovery of, by*Becquerel, 

761 

Radiomicrometer of Boys, 1289, 1290 
Radium, discovery of, by Madame Curie, 
762 ; disintegration of, 763 ; metallic, 

762 

Radium- A, 771 

Radiiim-C, shortest wave-lengths of X-rays 
from, 770 ; -D, 771 

Ramsay, Sir William, discovery of helium 
and niton, 762, 763 

Ranisden micrometer eyepiece^ 166, 1167 
Rankine, A. 0., sizes of atoms o' nine elements 
from viscosity determinatfons, 718, 719 ; 
support for law of atomic diameters, 719 
Rare earths, remarkable structure of their 
atoms, 774 ; ethyl sulphates of (Jaeger), 
1246 

Rationality, law of, 83, 84 
Rays, y-, very short wave-length of, 763, 770 
Rectangular rhombic bipyramid, 226 ; prism, 
226 ; totally reflecting prism, 812 
Rectifiers or detectors, crystals as, 756 
Red silver ores, Miers’ researches on, 477, 
1246 

Re-entrant angles, 600, 602 
Reflecting goniometer, 33, principle of, 53 ; 
prism, 812 

Reflecting power of a face (plane of atoms), 
721 ; formula for (W. L. Bragg), 721 
Reflection from crystal faces, 4, 6 ; laws of, 
806 

Refraction, molecular, 1012 ; of alkali sul- 
phates and selenates, 1238 ; of zinc group 
of double sulphates and selenates, 1239 
Refractive index, 806 ; absolute in vacuo, 
817 ; definition of, 808, 809 ; determina- 
tion of, by prism method, 814-816, 989- 
1007, appai-atus for same, 996, 997, formula 
for, 816, measurement of prism angle, 
994, of minimum deviation, 995-1000, at 
higher temperatures, 1004-1007 ; deter- 
mination off by total reflection, ^11, 1017- 
1031, by Kohlrausch’s total renectometer, 
1018, by suspended goniometer, 1019, by 
Soret’s total reflectomelerj JL02i, by Lie- 
bisch’s, 1023, by Pulfrich's, 1027, by 
Abbe’s, 102^'; diagram for minimum 
deviation and deidvat\on Of formula for, 
I 016 ; general (Caqohf) formula for, calcu- 
lation of, lOOS-ldll ; ofisotropfc<Qry8tals, 
I 989 ; preparation of 60“*prfems for deter-i 
o \ 
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minatioQ of, 993, 994 ; use of nati^ral 
* prisms, 1003 

Befhmtive indices of crystals of diffeient 
symmetry, 8^, 831, 989 ; of biaxial crys- 
tds, 998 ; of uniaxial crystals, 842, 843, 
990j table of, for some isotropic solids 
and'liseftil liquids, 809, 810 
RefActive indices, determination of, under 
the microscope, 1177 ; method of de 
Chaulnes and Sorby, 1177-1183 ; of im- 
mersion and obliqu^ illumination, 1183- 
1186 ; of the Bccke line, 1186-1188 
Refractive indices, mean, of alkali sulphates < 
and selenates, 1238 ; of zinc group of 
double sulphates and selenates, 1238 
Reftactometer of Herbert Smith, 1033, 1034 
Regelation, 648 

Reinitzer, discovery of liquid crystals, 1406 
Removal of crystals from mother liquor, 11, 
12, 29 

Repeated twinniug, 507 
Resolution of spectrum lines, 785, 786 
"Resolving power of a grating, Lord Ray- 
leigh’s fortn^a for, 785 
Rdsumti of opUcal character of uniaxial 
crystals, 843^44 ; of relations between 
symmetry and the optical ellipsoid, 888 
Retardation, calculation of, for thin lilras, 
896 ; curves of equal, 1201 ; measure- 
ment of, by Babinet compensator, 1190- 
1192 ; by Evans double quartz wedge, 
1192 ; table of, 1192 

Retgers, suspension method of determining 
density of crystals, 636-638 ; apparatus 
• for, 636 ; correction of, by coefficients 
of expansion, 637 ; practical example, 
(KaSO^), 638 

Reusch’s discovery of calcite glide planes, 
632 ; mica helices, imitation quartzes, 
1102 

Reversal of phase by Nicol analyser, 898 ; 

on passage to denser medium, 892, 896 
Rharanose, optical rotation of, 1111 
Rhodochrosite, structure of (Bragg), 681, 
683 

Rhomb of calcite, passage of light through, 
836 

Rhombic axes, construction of, 410, 411 ; 
axial-plane pinakoids, 226; bipyramid, 
224 ; bipyramidal (holohedral) class, 224 ; 
bisphenoidal class, 229 ; bispheuoids, 229 ; 
brachy-domal prisms, 226 ; dodecahedron, 
the, 146, drawing of, 403 ; macrodoraal 
prism, 226 ; primary prism, 226 ; pyramid, 
227 ; pyramidal (hemimorphic) class, 227 ; 
system, ctaracteristics of, 223, stereo- 
graphic projections of 3 classes of, 228 
Rhombohedra, combination of three, 843 
Rhombohedral (dioptase) class, 856-368 
Rhombohedron, and its axes, 330 : andhewi- 
gonal prism, combination of, 841, 348 ; 
construction of, 421 4 , direct and mvenie,# 
831, 332 f first order direct, 352; M 
Qfdei; idihrse, 152 ; obtuse negative, 842 ; 


of first, second, and third orders, 367 ; 
positive primary, 341, 342 » 

Richards, ^of. Theodore, atomic weight 1>f ) 
lead, 771 ; definitions of atom and elejnent, 
772 ; results of compressibtlity of atoms 
. research, as bearing on valency volume 
theory, 742-743 ' V 

Right, experiments with electromagnetic 
waves, 766, 758 " 

Ring- poles of^ower hemisphere in stereo- 
graphic project^n, 65 

Rinue, F., substances radiographed by, 70^''; 
X-ray analysis of ice crystals, 643, of 
mixed crystals, 1251 

Rochelle salt, crystal form of, 230 ; growth 
of large crystals of, 14 ; optical rotation 
of, 1111; piezo -electric properties of, 
1396-1399 

Rodion double-image prism, 866, 869 
Rock crystal, 3 (see Quartz) 

Rock salt, coefficient of expansion of, 1329 ; 
crystal system of, 164 ; diagrammatil 
X-radiogram of, 663 ; elasticity surface of,| 
1338 ; motlel of structure of (Bragg), 7l7 1 
ratio of spaciug reciprocals of, 669 ; re- ‘ 
fractive index of, 809 ; spacing of cube 
planes of atoms, 650 ; structure of, os 
determined by X-rays, 664, 665, glancing 
angles, for 3 orders of X-ray reflections, 
650, distances between pairs of atoms, 
655, nature of space-lattice, 666, relative 
intensities of difl'erent orders of spectra, 
656 ; velocity of sound in (von Grolh), 
1337 

Rohrbach’s heavy solution, 635 
Roimi tie risle, 7, 31 

Routgen rays, 759-761 ; researches on piezo- 
electric properties of quartz, 1396 
Roozeboom, supersaturated solutions, 21 
Rosunhain, intergranular Aims in metals, 
654, 655; metallic crystal grains, 664, 966 
Rotation angle of optically active crystals, 
determination of, 1086-1090 ; angles of 
quartz, 1082, 1100 ; of plane of polarisa- 
tion by crystals, 1079-1100 ; table of p 
for various substances, 1109 
Rowland’s plane and concave gratings, 784, 
785, 822 

Rubidium and ammonium sulphates, iso- 
structure of, 641, 743 

Rubidium copper seleuate, optic axial angle 
of, 1067 

Rubidium, derivation of word, 1223 ; dis- 
covery of, by Bunsen, 1223 
Rubidium lines, wave-lengths of, 798 
Rubidium selenate, volume oonstants 0 ^ B41 
Rubidium sulphate, crossed-axial -plane dis- 
persion of, 1069, 1063-1006 ; cubical ex- 
pansion of^ 1327 ; densi^, molecular 
voAme, axial and topic axial ratios of, 
641 ; dispersion of optic axial angle of, at 
different temperatures, 926 ; linear ex^aA 
aiou of, 1329 ; pseudo-bezagonal bipyralbid 
of, 611, 612 ^ 
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RubidiurA tartnite, rotation angle of, 1109 
Ruby, •bolour of, 1112 ; crystal form of, 
345, 686 ; dielectric constant of 1392 ; 
hardness o^ 535 ; model of (W. L. Bragg), 
717 ; phosphorescence of, in cathode rays, 
759, 1 137 ; structure of (Sir W. H. Bragg*), 
686, 687 

Ruler for circles of large radius, 100 
Ruling of a diffraction grating, 819, 824 
Rulings of H. J. Grayson, 82§, 1357, 1358 
Rutherford, Sir Ernest B., 762, 769, 770; 
disruption of nitrogen atoms, 779 ; mag- 
netic detector, 756 * * 

Rutile, crystal form of, 198 ; hardness and 
density of, 536 ; structure of (Vegard), 
696, (Williams), 698 ; twin (triplet) of, 
503, 604 

Rydberg’s ordinals and Moseley’s numbers, 
769 

Saccharine, crossed- axial- plane dispersion of, 
1060 

Salicine in polarised light, 910 ; effect of 
half-wave plate on, 910; ra<lial spheru- 
lites of, 1146 ; to prepare slide of, 1146 
Samaria, phosphorescence of, 1133 
Sand, H. J. S., cadmium and mercury 
lamps, 971 

Sauger-Shcpherd’s colour-screens, 1113 
Sanidine felspar, horizontal disperition of 
first median line of, 929 ; optic axial angle 
of, 1057 

Saniter, hardness testing-machine, 542 
Sapphire, colour of, 1112 ; crystal form of, 
345, 680 ; dielectric constants of, 1392 ; 
hardness of, 535 ; model of (W. L. Bragg), 
717 ; structure of (Sir W. H. Bragg), 686, 
687 ; thermal expansion of, 1329 
Sard, 1266 

Saturation equilibrium, 17 
Savart’s bands, 931 

Scalenohedron, ditrigoual, 340 ; combinations 
of, with hexagonal prism, 341, with rhom- 
bohedron, 340 
Scattering of light, 806 
Scheelite, crystal of, 203 
Scherrer, structure of aluminium, 678 ; and 
Debye, method of X-ray analysis, 689- 
691 

Schiramermethode ” of determining crystal 
angles under the microscope, 1176 
Schlippe’s salt, sodium sulphantimoniate, 
Plate II., facing page 154, 169 
Schonflies, 565, 568, 571 ; additional 165 
types of, 565 ; “ Fundamentalbereich ” 
off 569, 572 ; space groups, the 230, 621 ; 
table of distribution among crystal classes, 

a22-624 

Schrauf, goniometer signal, 88 ^ 

Scintillation of gem stones, 6 
Sclerometer, 637-639, 1168 ; of Fuess, 638 ; 
c pf Jaggar, 539, 1168 ; of Steeg and 
Renter, 637 

Screens, coloured for ahcorption purposes, 


J1118; fluorescent, of barium platinocy; 
anide, for X-rays, 1137, 1138, explanation 
ef their action, 1138 
Season cracking, 564 

Secondary interference in case of two sodium 
lines, 1306 ; optic axes, 881, 888 
Section-plates, preparation of, 932, 937, 947 ; 
parallel faced, 937, 947 ; and 60“-pAmB, 
preparation of, 836, 937 
Seeber, crystal as network of points, 662 
Seed crystals, 14, 15s 

Seignette salts' (potassium sodium and am- 
monium sodium tartrates), optical rotation 
of, 1110, 1111 ; optic axial angle and 
crossed-axial-plane dispersion of mixture 
of (triple tartrate), 1059 
Selection of crystals for measurement, 10 
Selenates of the alkalies, crystals of, 1230 ; 
table of angles, 382, of axial ratios, 388, 
of average and maximum angular changes, 
1234 

Selenite, even, explanation of polarisation 
colours of, 899-901 ; tabular statement of 
phenomena with, 901 r- 
Selenium, derivation of ^rd, 1222 ; dis- 
covery by Berzelius, 12»2 
Senarmont, de, electric glow-light figures, 
1393 ; method of determining heat con- 
ductivity of crystals, 1292 
Sendfmout’s salt, pleochroism of, 1120 
Setting of crystals, correct, 246, 722, 726, 
726-732 ; Fedorov’s method of arriving 
at, 722, 726, 726 ; for monoclinic doubU 
sulphates and selenates, 729-732, viewj 
'thereon, of Fedorov, Wulff, and the authoV 
729-731 ; symbol representing, of Fedorov, 
730 ; topaz (case of), 245, 246 ; trans 
formation equations of Fedorov, 781 
Shadows, 794, 795 

Sharing of electrons by electro -ncgativi 
elements, 716, 718 
Shellac, dielectric constants of, 1392 
Shore scleroscope, 642 
Showers of crystals, metastable and labile 
21, 22 

Sign of double refraction, determination of 
by J-wave plate, 1062-1056, by quart 
wedge, 1066 ; of biaxial crystals, 832 
1054, 1055 ; of uniaxial crystals, 830 
1063, 1054 

Signal-images (goniometrical), coloured am 
diffracted, 386 ; distorted, 885 ; fror 
narrow faces, 386, striated faces, 385 
vicinal faces, 388 ; of “A” quality, 60 
perfect, 386 ; of interferometer, adjusi 
ment of positions of the five* 1315, 1355 
Signal slit in window, 33, 46 ; of Herbei 
Smith, 463 ; of Miers, 44 ; of Schram 
38 ; of Websky, 38 
Signals, goniometer, 33, 88, 44, 47 
Signs of indices, 76, *87 
< Silica, polysymmetry of, 1264 
Silver hydrogen phosphate, 13*8. 884 
Silver iodide, dimorphisra’ of, 1266 j faMa< 

« V) 
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. as to liquid crystals of, 1416 ; thermal 
behaviour and expansion or contraction 
of, 1328, 1329 • . 

Silver, structure of (Vegard), 678 , 

Singular directions, 876 
Sixty-degree prism, preparation of, by cutting- 
and-grinding goniometer, 937 ; ]>rism of 
calcite, projection experiments with, 887, 

' 840 ; prisms of biaxial crystals, mode of 

cutting to afford two refractive indices, 
866, 903 ; prisms ofiiuniaxial crystals, 3 
modes of cutting, 839 

Sixty- five Solincke regular point-systems,* 
600-620 

Skeletal crystal growths, 26 
Sketches of face-shapes and markings, 68. 
182 

Skiagrams in X-rays, 769 
Skiodromes, 1203 

Slavik, form of ammonium chloride, 167 ' 
Slit, adjustable, of J. W. Evans, 1188 
• Snell and Descartes, laws of refraction, 809 
Snow crystals, 544 

Sobrerol, dextw^ Itevo, and inactive varieties, 
1278 ^ 

Soddy, radioactivity, 767, 769 
Sodium acetate, diamagnetism of, 1403 ; 
bromate and chlorate, angles of rotation 
of, 1108, 1109 ; chlorate, crystals but 
not molecules enantiomorphous, 1273, 
form of, 169, refractive index of, 809 ; 
chloride, crystals of, 145, 154, cubes 
of, in quartz cavity, 164, refractive index 
of, 809, solubility of, 16 ; dihydrogen 
• phosphate, optical rotation of, 1111 ; 
fluoride, structure of, 718 ; lines, wave- 
lengths of, 798 ; monophosphate, di- 
morphism of, 200, 1260 ; nitrate, dia- 
magnetism of, 1402, parallel growths on 
calcite, 499, 1250, 1262, 1263, structure 
of (Bragg), 683 ; periodate, 138, crystal 
of, 361, rotation angle of, 1109 ; sulph- 
antiraoniate, 169, angle of rotation of, 
1109 ; sulphate, supersolubility, and 
curves of solubility and supersolubility of, 
17, 18, 26 ; uranyl acetate, 802, 1109 
Sohncke, 661, 664, 665, 566, 668, 569, 572, 
574 ; completion of his theory of homo- 
geneous stnictures, 572-574 ; 65 regular 
point-systems of, 564, 565, 600-621 ; two 
enantiomorphous sets of molecules, 674 
Sohncke system. Numbers 1 and 2, 601 ; 
Nos. 8 and 4, 606 ; Nos. 6-8, 606 ; Nos. 
9-11, 607 ; Nos. 12-16, 608 ; Nos. 17-21, 
609 ; Nos. 22-27, 610 ; Nos. 28-30, 611 ; 
Nos. 31-^5, 612 ; Nos. 36-39, 613 ; Nos. 
40-44, 614; -Nos. 45-50, 616 ; Nos. 61- 
6^ 616 ; Nos. §4-67, 617 ; Nos. 68-60, 
tfl8 ; Nos. 61 and 62, 619 ; Nos. 63-66, 
620 ; the original No. 13 now eliminated, 
603 • 

Solar lines A, 0, D, F, G, H and K, wa^p- 
lengthfl 8f, 798 
Selid .please, 2f 

Vt/L. 11 • 


Solubility curve, 15 ; of ammoniuw seleuate, 
16 ; of sodium sulphato, 18 ; of {ibtassium 
sulphate, 50 

Sorby, microscopic measurement of refraefive 
indices of doublyVefracting crystal*, 1179- 
1183 

Soret’.s total-reflectometer, 1021 
Sound and elasticity, 1336, 1337 
Space-latticev 659, 560, 562, 582 ; cubic 
(1, 2, and 8), 583 ; figure of general type 
of, 659 ; live fiflidameiital facts cojiceming, 
682 ; hexagonal-trigonal (6), 684-585 ; 
* in^)ortauco of, Lord Kelvin on, 672 ; moiio- 
cHnic (12 and 13), 687 ; rliombic (8, 9, 10, 
and 11), 686, 587 ; tetragonal (4 and 5), 
588 ; tile fourteen, 562, 682-688 ; triclinic 
(14), 559, 688 ; trigoual-rhombohedral 
(7), 585, 686 

Spacings, two fundamental (of atomic planes 
of rock salt, and calcite), 709 
Specific dispersion, 1013 ; gravity determina- 
tion, 625-639, by pyknoraetor, 626-682, 
by Retgers’ immersion nrethod, 685-637 ; 
optical constants, 1012, 1013 ; refraction, 
1012 

Spectral dispersion, 819 
Spectral series of Balmer and Rydberg, 789 
Spectrophotometer of Gian, 1124-1126 
Spectroscopic attachment to microscope, 
1167, adjustable slit of, 1167 
Specular iron ore, crystal form of, 345 
Sphenoid, derivation of term, 254 
Sphere of atomic influence, 668, 560, 733 
Spherical projection, 63 
Spherulites, 1145 ; structure and optical 
behaviour of, 1146, 1146 
Spinel, crystal form of, 146 : refractive index 
of, 810 ; structure of, 676 
Spinthariscope of Sir Wm. Crookes, 763 
Spiral crystals of ice, 546 
Spontaneous crystallisation, 21 ; conditions 
for, 22, 23, 24 

Spot-patterns of Lane X-radiogranis, inter- 
pretation of, 661 ; of apatite, beryl, 
phenacite, and tourmaline, 706 ; of 
.aragonite, hambergite, hemimorphito, 
struvite, topaz, ami zinc sulphate, 707 
Spots of Lane X-radiograms, arrangement in 
pairs of intersecting ellipses, 661 ; elliptic 
shape of, 665 ; relation between, 661 ; 
relative intensity of, 661, 666 
Stage goniometer, 1155 
Stage, special, for projection polariscope, for 
mica-sectors experiment, 865 
Stanton '.s apparatus for hardness - testing, 
542 » 

Staurolite, twin of, 504 
Stauroscope, the von Groth, 974 ; table of 
values of correction angle ijfor observations 
fith, 985 

Steegand Reuter, crystal cutting and grinding 
apparatus, 947-961 

Steno, Nicolaus, 6 • * 

Stereographic 103 ; of Hutchinson, 104 
• 2 Y 
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Steteograohic proJectioB, 62-67, 69, 95-99 ; 
advaifi^es of, 69 p general construction 
(tricllnic case) for finding third pole (usn- 
Mly basal plane) in, 98, 99; history 
of, 104, 1(75 ; practical rules for con- 
structing, 96-99 ; principle of,' 96 ; use 
of in drawing crystals, 400, <482, 483 ; of 
alkali sulphates and selenates, 67, 116; 
of aniiuonium m&guesium sulphate, 258 ; 
of ammdnium selenate, 8^; of anatase, 
209 ; of aptitite, 317 ; ‘»of calcite, 339, 
341, 372 ; of cobaltite, .180 ; of copper 
sulphate, 283 ; of cube, octahedron ^and 
dodecahedron, 148; of garnet, 171; of 
hexagonal forms, 306 ; of holohedral cubic 
forms, 167 ; of methyl triphenylpyrrholone, 
98 ; of potassium sulphate, 65-67 ; of 
quartz, 363 ; of tetragonal forms, 197 ; 
of topaz, 232 ; of trigonal forms, Bravais- 
Millerian, 338, Millerian, 389 ; of class 1, 
276, 279 ; of class 2, 276 ; of class 8, 
20 ; of class 4, 254 ; of class 6, 248 ; of 
' class 6, 229 ; of class 7, 227 ; of class 8, 
224 ; of class 9, 206 ; of class 10, 206 ; of 
class 11, 204 ; of class 12, 202 ; of class 
13, 201 ; of class 14, 198 ; of class 15, 
196 ; of class 16, 359 ; of class 17, 366 ; 
of class 18, 361 ; of class 19, 349 ; of class 
20, 346 ; of class 21, 340 ; of class 22, 
334 ; of class 23, 311 ; of class 24, 309 ; 
of class 25, 308 ; of class 26, 306 ; of 
class 27, 301 ; of class 28, 168 ; of class 
29, 166 ; of class 30, 163 ; of class 31, 
158^, of class 32, 150 
Stibnite, heat conduction of, 1294 
Stoney, Johnstone, the electron, 758 
Storage o^ crystals, 11 
Story Maskelyne, 128 ; on true elemejits of 
symmetry, 160 

Strain-hardening of metals, 654 
Streak, 479, 536 

Striated faces, 387 ; crystal of ammonium 
magnesium sulphate, 390 ; crystals of 
pyrites, 165 

Strontium antinionyl tartrate, crystal of, 139, 
312 ; dithionate, optical rotation angle of, 
1109 ; sulphide, phosphorescence of, 1132 
Structural similarity, exact meaning of, 20 
Structural unit of crystals, nature of, 660 
Strutt, R, J. (Lord Rayleigh), active nitrogen, 
1142 ; interference bands in quartz, 1106, 
1107 

Struvite, spot-pattern of (Jaeger), 707, 708 
Strychnine sulphate, 138, 204 ; optical rota- 
' tion angle of, 1109 
Studeqfe’s goniometer, 44-48 ; principle of, 
46 ; Herbert Smith’s modification of, 48 
Sulphate -of soda, supersaturation and curves 
of solubility ^f, 17, 18, 25 
Sulphates and selenates of alkalies, angl4i» of 
(table), 382 ; axial ratios of, 883 ; crystals 
of, 1229, 1230 ; molecular volumes and 
Cwiance ratios of, 641 ; molecular refrac- 
tion of, in crystalline and dissolved states, 


016; stereographic projection of, 67,. 
ja tabla^ of average and maximum 
angular changes, X284 
Sulphates, rhombic' alkali, absolute space 
‘ dimensions, and ' volume of ceH, 708 ; 
molecular volumes and topic axial ratios 
of, for rectangular axes, 703, for psSudo- ^ 
hexagonal f xes, 641 ; structaire of ^gg • 

. and ’Hopwood) by X-rays, 700, arrange- 
ment ftf sulphur atoms in, 701, metallic 
atoms in hexagon? 701, four molecules to 
crystal wnit^ell, 700, method of elucidat- 
’ ing, 702 

Sulphide of zinc, phosphorescence of, 1134 
Sulphur, dielectric constants of, 1391 ; 
polymorphism of, 1260, conversion of 
one variety into another, 1260 ; structure 
of (Bragg), 698, 699; vapour pressure 
curves of polymorphous forms, 1262 
Superposition and interference of light 
waves, 799, 800 

Supersaturation, 16, 17 ; diagram for meta- „ 
stable and labile conditions, 24 
Supersolubility, 17 ; curves, determination 
of, by refractive index of splution, 22, 23 ; 
curves of sodium sulphate, 18, 25 
Supplementary twinning, 601 
Surface colours, 1121, 1122, of gold and 
copper, 1121 ; electric conduction, and 
dielectric constants, 1392; layers of 
crystal not concerned in X-ray reflection, 
649 

Suspended goniometer as total-reflectometer, 
392, 1019, 1020 

Svanberg, tbermo - electric properties of' 
bismuth and antimony, 1386 
Swarm theory of liquid crystals (Bose), 1414, 
1416 

Sylvine, structure of (Bragg), 666, 656, 
model of, 717, diagrammatic X-radiogram 
of, 663 

Symbol of a face, 74 ; determination of, by 
anharmonic ratio, 94 ; of a form, 76 ; of a 
zone, 85 ; of faces of a form, 76 
Symbols of Miller and Weiss, 74-76 ; mutual 
conversion of, 78, 79 ; of Naumann, 79-83 
Symmetry, axes of, 129, 130 ; centre of, 56, 
69, 128 ; planes of, 56, 69, 129 ; planes 
of alternating, 128, 129, 130 ; types of, 
alternating, 130, centre-, 131, compound, 
130, 13U equatorial, 130, holoaxial, 130, 
polar, 130, tesseral, 180 ; variation (absence 
of) with change of temperature, 131 
Systems, the seven, division of crystals into, 

■ 136, 137 

n 

Table of angles of alkali sulphates and selen- 
ates, 382 ; of coefficients of expansion of 
various crystalline substances, 1329 y of 
optic axial angles (graduated), 1067 ; of 
optical rotations, U09 ; of refraction 
^constants of alkali sulphates and selen- 
ates, 1016 ; of refractive dndices of 
some isotropic sgUds and UqvftSs,, 8QP, 
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810 ; of retardations for 5 Interference 
^ bands, 1192; of seven systems .and 
' classes of crystals, 137-189 of stluctbral 
conetants of alkali a^lpliatss and aelena|||^ 
641 ; wave-lengths of important spdb- 
tram lines, 798 ; of wave-length squares 
and fourth powers, 1009 • 

, Tabj^i-polariwope, 854 ^ * 

Tabular presentation of results of. .crystal 
measurements, 125 / , 

Tidt’s determinations of heat conductivity of 
copper and lead, 129^^ ^ , 

Talc, hardness of, 535 ^ 

Tammann’s views on liquid crystals, 1408, 
1416 

Tartar-emetic, crystal of, 230 
Tartaric acid, crystals of dextro and laevo 
varieties of, 255 j optical rotation of, 
nil ; Pasteur’s researches on, 20, 266, 
1274 ; pyro-electric properties of, 1394, 
1395 

Tartrates and racemate of sodium and am- 
“ rnonium, Pasteur’s researches on, 20, 
1276 ; potassium sodium and animoniuip 
sodium, optiftil rotation of, 1110, 1111 
Tautomerism, 

Tautozonal faces, 85 ; planes, anharmomc 
ratio of sines of angles between, 90 
Temperature and symmetry, 131 ; eifcct on 
optic axial angle, 926, 1058 
Templet for drawing crystal axes, 400, 401 
Tesseral symmetry, definition of, 130 
Tetartohedrism, 169-162 ; classes of sym- 
metry exhibiting, 127, 128 
Tetragonal axes, construction of, 410, 411 ; 
axis of symmetry, definition of, 129 ; bi- 
pyramid of first order, 194, of second 
order, 195, of third order, 202 ; bi- 
sphenoids of first order, 199, of second 
and third orders, 205 ; combinations, 194, 
196, 196 ; prism of first and second 
orders, 193, of third order, 202, 203 ; 
pyramids of first and second order, 201, 
of third order, 206 ; scalenohedron, 198, 

199 ; stereographic projection of principal 
forms, 197 ; system, 190-207 ; trapezo- 
hedron, 204 

’etragonal class 9 (pyramidal), 190, 206, 
207 ; class 10 (bisphenoidal), 190, 205, 
206; class 11 (trapezohedral), 191, 203, 
204 ; class 12 (bipyramidal), 192, 202, 
203 ; class 13 (ditetragonal), 192, 200- 
202 ; class 14 (scalenohedral), 191, 198- 

200 ; class 16 (holohedral), 192-198 
'etrahedral pent^onal dodecahedron, 168 
'etrahedrit^ 169 

'etrahedron, the, 168, 169 ; angles of, 169 
etrak^ekahedroi^ the, 1 46, 567 
etg^ifu hexahedron, the, 163; angles of, 
163 ; drawing of, 406, 406 
etramethyl ammoiyum iodide, structure 
models of, 1269 

hallium, ijerivation of name, 1224 ; dil- 
covery*#f, by^ir William Crookes, 1224 


Thallium line, wave-lengtij^ of, 798 
‘Thallium salts, relation if, to alRali-metal 
salts, 384, 1232 

Thallium sulphate and ifelenate, angleatof, 
382 ; axial ratiosiof, 883 ; tleusity, mole- 
cular volume, and topic axial ratios of, 641 
Theodolite goniometer, 460-452 
Thermal .conductivity of crj’stals, laws of, 
1296, 1297 

Thermal expaSsion of crystals, 1391 ; calcu- 
lations for, 13‘^1-1826, example of (potas- 
sium sulphate), 1823 ; correction to, for 
« alteration of wave-length by change of 
temperature and pressure, 1822 ; of alkali 
sulphates, 1241, 1327, 1829 ; of aluminium, 
1824; of platinum -iridium, 1826; of 
potassium sulphate, 1323, 1324, 1327, 
1329 ; practical, determination of with 
interference dilatometer, 1306-1314, 1314- 
1819 ; table of for various crystalline sub- 
stances, 1329; variation of, with symmetry, 

1303 ; of isotropic crjstals, 1303 ; of uni- 
axial crystals, 1303 ; of biaxial crystals, ^ 

1304 

Thermal properties of crystals, 1287 
Thermionic valves, 766, 756 
Thermo-electricity, 1886-1390; list of 
metals in thermo-electric order, 1389 ; 
rule for use of same, 1389 
Thermolnminescenco, 1134; of fiuors 2 >ar, 
scheelite, lyid wurtzite, 1134 
Thermopile, the, 1288 
Thermostat, electric, of comparator room, 
1357 

Thickness measurer, 1319 ; practical use of, 
1320; example of same, 1321 
Thickness of plate and double refraction, 
relation of, to retardation, 906 ; and order 
of interference colour, 906, 907 
Thomas and Campbell-Smitli’s crystal- 
surface grinding apparatus, 944-947 
Thomas and Hallimond’s apparatus for 
producing a mixed liquid of any desired 
refractive index, 1039 

Thompson, S. P., calcite prism, 861, 862 ; 
mica sector-plate for testing oi)tical rota- 
tion, 1103, 1104 

Thomson, J. M., isostnictural germ crystals 
eflecting crystallisation of siqiersaturatefl 
solutions, 20 

Thomson, Sir J. J., arrangement of elec- 
tronic corpuscles in atoms, 767 ; discovery 
of negatively electrified corpuscles, 768 ; 
researches on cathode rays, 768, 759 
Thorite, attempt to determine structure of, 
697 g 

Thorium, radiations from, 761, 771 ^struc- 
ture of (Bohlin), 678 

Three-circle goniometers of Herbert Smith, 
^9-464 ; adjustment of, Ai4, 465 ; mode 
of using, 465, 466 ; signal-slit and camera 
lucidafor, 463 

Tinstone, crystal class of, 198 ^ « 

Tin, structure of (Byl and Kolkmeyer), 694 ; 
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of grey tin, 694 ; of white tin, 695, 
crystals of latter, 696 
Titanium dioxide, trimorphiam of, 1256 
Toluene, refractive index of, 810 
Topaz, 227 ; coefficient thermal expansion 
of, 1329 ; crystal-form of, 227 ; dielectric 
constants of, 1392 ; fluorescence of, 1140 ; 
guomonic and orthogonal projections of, 
470, 471; hardness of, 536; measure- 
ments of crystal of, 231-234, calculations 
for latter, 238 - 246, drawing of same, 
414-416 ; optic axial angle of, 1057 ; 
spot-pattern of (Jaeger), 707, 708 ; stereo- 
graphic projection of, 232 ; table of angles 
of, 244, 246 

Topic axial ratios, 579, 689 ; derivation of 
term, 589 ; formulae for, 590 - 598 ; 
general case, 590 - 691, monoclinic, 

rhombic, and tetragonal cases, 691, 

hexagonal case, 592, pseudo - hexagonal 
case, 595 ; genesis of, 589, 590 ; index to 
structural similarity, 20 ; of isomorphous 
salts, confirmation by X-rays, 668, 704 
Torsion of crystals, determination of, 1337, 
1338, by Voigt's apparatus, 1349, 1360, 
by torsonieter, 1350, 1351, 1358-1364 ; 
modulus of (formula for), 1348 
Torsometer, details of, 1358-1364 ; principle 
of, 1350, 1351 

Total reflection, 810 ; critical angle of, 810, 
811 ; prism, 812 

Total reflectometer of Abbe, 1029, of 
Herbert Smith, 1033, of Hutchinson, 
1035, of Kohlrausch, 1018, of Liebisch, 
1023, of Miers, 1019, of Pulfrich, 1027, 
ofSoret, 1021 

Tourmaline, crystal of, 348 ; paramagnetism 
of, 1402 ; piezo-electric properties of, 
1396 ; pincette, 808 ; plates as polari- 
scope, 808 ; polarisation of light by, 807 ; 
pyro-eiectric properties of, 348, 1393, 
1394; two spot - patterns of (Jaeger), 
706, 708 

Transition tint afforded by quartz plates 
3 ‘76 and 7 ’5 mm. thick, 1083, by thin 
crystal films, 906 

Transmitter of elasmometer, 1341, 1342 
Transparency, 1113 

Triakis octahedron, the, 153 ; angles of, 153 ; 

drawing of, 404, 405 ; tetrahedron, the, 168 
Triboluminescence, 1135 ; of diamond, sugar, 
and uranyl nitrate, 1136 
Triclinic asymmetric class, 279 ; axes, con- 
struction of, 427-430 ; bipyramid, 278 ; 
pinakoidal class, 276 ; prism, 277 ; 
system, 276-281 
Tridyllte, 1264, 1265 
Trigonal axes, construction of, 418, 421 ; 
axis of symmetry, definition of, 129, 130 ; 
bi-pyramids^of first onier, 335, 349, 

■ of second order, 349, 352, of thiixl order, 
349 ; classes, derivation of, 332-334 ; 
combinations of forms, 340, 341, 343 ; 
crystal, gnomonic projection of a, 476 ; 


equations connecting Bravais-Millerian and* 
Milleriau indices, 338 ; Miller’s system* 
of axes for, 329 ; prisms of first order, 

J 31, 336, 347, 350, of second order, 331, 
50, 353, of third order, 349, of all three 
orders, 360 ; pyramidal class, 359-361 ; 
pyramids of first order, 346, of all three 
orders, 359, 360 ; stereographic pijQjec- 
tion, Milleriau, 339, Bravais - Milleriau, 
338 ; system, 328-861 ; trapezohedra, 351; 
trapezohedral (quartz) class, 360-356 
Triode thcrmmic vfiives, 766 
^Tripfift^ylt^lr^lone derivatives, isodimoi- 
phism of, 1270 

Triple - shadow seiisitiv'eness - enhancing de- 
vices for polarimeters, 1090, 1094 
Triple tartrate of ammonium, potassium, 
and sodium, crossed-axial-plane dispersion 
of, 1069 

Triplets of potassium sulphate, 611-613 ; of 
potassium selenate, 613, 514 
Trougidon and Simms liorizontal circle 
goniometer, 43, 44 ; student’s goniometer, • 
44-48 

Truncation of solid angles^and edges of 
crystals, 146, 147 r 
Turpentine, refractive index of, 810 ; 
natural oil of, nature, composition, and 
optical rotation of, 1091 
Twin axis, 500, 601 ; crystals, 600 ; law, 
600, 501 ; plane, 500, 601 
Twinning, mimetic, 511 ; polysynthetic, 
603 ; repeated, 507 ; supplementary, 
501, 505 ; true elements of, 500 
Twins, arrow-head, 602, 603 ; constnictio^, 
of axes of, 616-519 ; cruciform, 603, 604 ; 
drawing of, 516-620 ; elbow, 603, 504 ; 
heart-shaped, 604 ; interpenetration, 600, 
504, 505 ; juxtaposition, 600 ; mc^e of 
(iealing with, 514 ; notched, 601 ; reflec- 
tion or mirror-image, 501 
Twins of albite and amethyst (laminated), 
507-510 ; of ammonium selenate, 514- 
518 ; of calcite, 502, 504 ; of cassiterite 
and rutile, 503, 504 ; of diamond, 602 ; 
of fluorspar, 506 ; of gypsum, 502, 503 ; 
of methyl triphenylpyrrholone, 602, 603 ; 
of pyrites, 605 ; of quartz, 506, 507 ; of 
staurolite, 503, 504 

Two-circle goniometer, Czapski’s, 460-462 ; 
Fedorov’s, 465, 456, use of latter in 
crystallo-chemical analysis, 732 ; V. Gold- 
schmidt’s, 453-455 ; V. M. Goldschmidt’s, 
466 ; Miller’s, 449 ; principle and essentials 
of method of, 460, 467, 458 ; typical crystal 
(monoclinic), investigation wi^h, 476 
Two types of crystal structure, in which 
atoms are and are not fixed by symmetry, 
714 ; determination of unknown pbqtion 
in latter case by X-rays, 714 
Tyndall's measurements of glacier-motion, 
548, 649 - 

Types, the 230, of homogeneous crystal struc- 
ture, 599-602 fl. 
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' Ullraannite, 169 

• Ultra-violet lamp, 1139 ; light, 795, 798* 
Umbra of shallow, 796 
Umlercooling of solutions or molten liquWs, 
26 % 
Uniaxial crystals, 831 ; iuilicutiix of, 841 ; 
interference figures of, in convergent 
Hflarised light, 831, 916, 918, 921, of 
apatite and calcite, Plate IV. facing p. 
920 ; optical characters of, 831 ; passage 
of conical polarised light through plate per- 
pendicular to axis, §16, 918 ; resume of 
behaviour of light rays ^43 ^trans-^ 

mission of light through, 836-844 ; wave- 
surfaces of, 841 

Unit form, 73 ; cell of space-lattice, 560 
Universal apparatus of Hutchinson, 1035 ; 

of von Groth, 974-977, 1044-1047, 1086 
Universal microscope stage of Klein, 1162 ; 

of Fedorov, 1160-1162 
Uranium, disintegration of, 772 ; radiations 
from, 761 

’ Uranium glass, fluorescence of, 1133 
Uranium- Y, -Xj (isotope of ionium), and Xg 
(isotopic brevium), 773 
Uranyl acetat<^ optical rotation of, 1109; 
nitrate, phosphorescence of, 1132, tribo- 
luminesccnee of, 1135 


Valency electrons, 764, 767, 774, 775 
Valency volume theory of Pope and Barlow, 
783-744 ; statement of it, 734 
Vanadium, fixation of atomic weight by 
, isomorphism, 1227 

Van den Broek, forecast of Moseley’s law, 
767, 769 

Van der Lingen, X-ray analysis of liquid 
crystals, 1416 

Van t’lloff and be Bel, connection between 
optical activity and asymmetric caibon 
atom, 1274, 1277 

Vegard, distribution of electrons in atoms, 
774 ; structure of alums, 678, ammonium 
and tetraraethyl ammonium iodide, 1268- 
1270, anatase, 698, 699, metals (gold, 
lead, and silver), 678, and zircon group, 
695-698 ; and Schjelderup, X-ray analyNis 
of mixed crystals, 1248, 1250 
Velocity of light, 756, 796 ; of electrons, 
765 ; of a-particles, 765 
Vibration period and frequency, 793 
Vibration plane of Nicol prism, 807, 848 
Vibration velocity ellipsoid of Fresnel, 870 
Vicarious isomorphous replacement, 1252 ; 
in gam^ series, 1252 

Vicinal fa!^, 388-391 ; Miers’ researches on, 
388489 

derivatloif of 32 crystal classes by 
use of quaternions, 128 
Violette, sodium sulphate crystallLsation, 19 
Viscosity of crystallised metals, 654 ; of 
crystaLjj 543 ; of glacier ice, 650 ; of«£e 
orysWs, 550 


Visibility curves by echelon spectro^cope or 
interferometer, 786 I 

Voigt, W., elasticity of crystals, 1386, 1337, 
1848, 1849 ; determination of torsiOn of 
cirystals, 1337 *,.21 elasUcity consllnts # 
and their reduction with sylnmetry, 1387 ; 
elasticity and glide planes, 533 ; mathe- 
matical conditions for absorption ellipsoid, 
1114; optical activity oblique to axis, 
1110; piezy- and pyro-electrical properties 
of, crystals, 1399 ; Solincke systems coire- 
spondingtosti^icture of bismuth, antimony, 
and arsenic, 683, calcite, 682, diamond, 

673, fluorspar, 674, graphite 692, hoemalitc 
and ruby, 687, pyrites group, 676, quartz, 
686, rock salt and sylviue, 669, zinc 
blende, 671 ; theory of fluorescence, 1141 ; 
torsion apparatus, 1349, 1360 
Von Lang, determination of optical rotation 
of quartz, 1098 ; quartz prism for separ- 
ating two rays, 1081 ; types of crystal 
symmetry, 561 

Vorlander, conditions for formation of liquid 
crystals, 1406 ; preparation of same, 1408 

Wallerant, researches on quartzine, 1266 
Warburg and Koch, formula for modulus of 
elasticity, 1336 

Water, critical angle of, 812; freezing of, 
546, 647, expansion on, 546, 547, flowers 
(cavities) on warming ice, 546 ; maximum 
density of, 546; polarising angle of, 818 ; 
relractive index ol', 810 
Water of crystallisation and of combination, 
evidence of X-rays concerning, 680 
Watei’-batli for pyknoineters, 628 
Wave directions, characteristic of indicatrix, 

878 ; fronts, (liffercnt inclinations of, for 
two rays traversing ciyslal, 875, 876; 
length diuin (Hilger), 967 ; lengths of 
light, 794, determination of, 797, range 
of, 796 ; lengths, table of some use- 
ful, 798 ; surface, 801-803; surface of 
biaxial crystals, 866-870, Kraiitz and 
plaster models of latter, 867 ; surface of 
tartaric acid, actual dimensions of, 869 ; 
surfaces of positive and negative uniaxial 
crystals, 841, 842, s]»hciical and ellip- 
soidal, 804 

Wave-length of red C-liiie of hydrogen in 
indlimetre and inch measure, 1317 
Waves, electromagnetic, 754 ; imlarisation 
of, 756 ; reflection, refraction, and inter- 
ference of, 754 ; velocity of, 766 
Websky sigiial-slit, 38 ; adjustment of, 42 ; 
two images of afforded by 60“ dwbly re- 
fracting prism, 998 r 

Weiser, researches on tribo- and crystallo- 
luminescence, 1136 

"V^iss notation, 75 ; and IVWlerian, relation- 
ship of syralwls, 78, 79 ^ 

.Wendt and Landauer, active hydrog^^en, 776 ^ 
Weyberg’s silicate of lime and alumina 206 
Whewell, Dr.. 76 •* 
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White X-radiatlQns, 650 
Wiedemann, explanation of phosphorescence, 
^1134 ; and Franz, determination of rela- 
tive heat conductivity of solids, 1297 
Wiener's principle ofaynimetrical repetition, 
564,568, 569 

Wollaston, double - image prism, 850, 859 ; 
discovery of isomorphism, 1221 ; measure- 
ment of calcite gro^, 1221 ; reflecting 
goniometer, 81, 4djQ. « 

Wright, F. E., douawmicrometer, 1167 ; 
high temperature goniometer, 443, 444 ; 
microscope by Bau second Lomb, 1168 
Wulfenite, crystal of, 2W ; diamagnetism of, 
140^ 

Wulff, importaUije of ^^space-lattice, 1417; 
installation by Fuess for X-radiography of 
crystals, 647 ; mixed crystals, constitu- 
tion of, 12494251, of alkali sulphates, 
499 ; ruler for large circles, 100 ; stereo- 
graphic projection net, 100, 103, 105 
Wiilfing crystal-grinding apparatus, 948 
Wurtzite, phosphorescence of, 761, 1184 ; 
structure of, 694 

Wyckotf^ R. W. G., structure of calcite 
group, and Schonflies space -group for 
same, 683 

Xfenon, diameter of outer shell of electrons, 

716 

Xendtime, structure of (Vegard), 697 
X-rays, 76^ ; and crystal structure, 642-721, 
general conclusions concerning, ^04 ; 
lunrirtWence in, 1137 ; series of, deriva- 
tion from flections of the different shells 
or rings, 776 ; tubes for producing, 760 ; 
wave-length of, 643, 653, 796 

Young’s modulus of elasticity, 1334 ; de-, 
termination of, 1334, 1335 ; formula for, 
* 1334, 1386, 1345-1348 


Yttrium platinoeyanide, |bsorptiou brushes 
(if, 1120 ; sheen of, 1120 * 

Ze^pan effect, 788 ' • 

ZeAian’s api>amtus fo^reso^ution of specti^im 
lines, 784, 785 ; researches, suibmary of, 
784. ■ y . 

Zinc ammonium sulphate, cSloulai^ion o^ re- 
fraction formula for, 1010 ; contour faces 
of, 391 ; optic axial angle of, 1067 re- 
fractive imiices of'’1013 
Zinc blend^cmtar^f, 162 ; ^rdness and 
- 6f, 636 ; striatious "of, 

/ 162 j'.Laue radiOgraips of, 644, 646 ; struc- 
ture of (Br^), 670 ; X-ray analysis first 
used ep, 642 ^ ' 

Ziuc group of double qulphates and selenates, 
forms of crystals of, 1230 x table of angles, 
1233 

Ziuc - hydrogen malate, rotation angle of, 
1109 

Zinc oxide, structure o^ (W. L. Bragg), 693 
Zinc potassium sulphate, optic axial angle of, • 

• 1057 * 

Zinc spectrum lines, resolutioirbf,.788 
Zinc sulphate, spot-pattern if^aeger) of, 707, 
708 

Zinc sulphide, hexagonal variety (natural 
wurtzite), crystalit of, by sublimation in 
hydrogen (Devill^ and Troost), 1136; 
ph'psphorescence of, 761, 1134 ; structure 
of (Br^), 694 ; X-ray screens and paint, ^ 
1138. ‘ . 

Siircouy crystal ot, 197, 198 ; diamagnetism 
of, 1402 ; structure of (Vegard), 695-697 ;* , 

, mp^l of, 696 ; nucleus of pleochroic haloes, 

I 1127, -p28 " 

Zonal gr(3,wths of felspars, 1251 

Zone axis, 50 ; circle, 97 ; law, 88 ; of faces, 

56, 69, 88 ; pl^ne, definition of, 66, 60 ; 
symbol of a, 86 ; syoiljols, use of, in find- 
ing facial' indice^^ 86, 87, 88 


THE END 
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